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0. Abstract (Cont'd)

various amounts of chromium, aluminum, molybdenum and tungsten constituted
the principal materials studied.

The hot corrosion attack of alloys has been found to consist of an initiation
stage and a propagation stage. '--agrling the initiation stage the attack in
similar to that occurring between the gas.. .. and the i ly- n the absence of the
deposit, but the alloys are being preconditioned in a way ýthat determines the
particular propagation mode that will cause the degradatiori."The factors
which determine the length of the initiation stage and the.type of propagation
mode are et $-ee shown to be; alloy
composition, fabrication condition, gas cmposition and velocity, salt
composition, salt deposition rate, condition of salt, temperature, temperature
cycles, erosion and specimen geometry.

The hot corrosion propagation modes are described and shown to consist
of fluxing processes and processes involving the oxidation of phases formed
in alloys as a result of reaction with components in the deposit (e.g.
suf.idaA• . chlorides), The fluxing processes are shown to consist of basic

",I(.oxide ion exceis-7 r acidic (oxide ion deficient) reactions where the
acidic conditions can be developed by components of the gas (e.g. 803) or
by oxides of elements in the alloys.

The effects produced by a number of different elements (e.g. Or, Al, Mo, W)
on the hot corrosion of alloys is examined. It is shown that by using the
unified theory for hot corrosion, previous inconsistencies are resolved.
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INTRODUCTION

When materials are exposed to combustion environments, deposition of ash

or salts upon their surfaces is a common occurrence. The compositions of

such deposits can vary over a wide range depending upon the characteristics

of the combustion process (i.e. air composition, fuel composition). In many

instances the formation of deposits causes the nature of the reactions that

take place between the combustion gases end materials to-be substantially

different than those occurring in the absence of the deposit. It is there-

fore not uncommon for materials, especially metals and alloys, to be attacked

by environments much more severely when depositm are present on their sur-

faces. The degradation of materials under such conditions is called hot

corrosion. The hot corrosion of metals and ulloys has been observed in a

variety of processes, the essential ingredients being; elements in an alloy

for oxidation, components in a gas for reduction, and a deposit on the sur-

face of the alloy capable of influencing the oxidation-reduction process.

Alloys used in gas turbines are susceptible to hot corrosion attack.

Turbine blades and vanes can become covered with deposits of sulfates which

are composed primarily of Na2 S04 containing different amounts of Ca, Mg, Pb,

V, Zn and chloride ion. The severity of the hot corrosion attack of alloys

in gas turbines depends on the operating conditions with marine and industrial

service being more conducive to causing attack than aircraft service. Hot

corrosion of alloys in aircraft gas turbines is however, not negligible. Hot

corrosion attack of alloys is also a problem in the exhaust systems of

automobiles, incinerators and the fireside of tubes for steam boilers. The
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nature of the deposits may be different than those in gas turbines but the

phenomenon is the same, namely, the deposit causes more attack of alloys by

gases to occur.

Since the hot corrosion of alloys has resulted in shorter lives for

alloys, a substantial effort has been directed towards determining the

mechanism(s) by which the hot corrosion of alloys takes place . As

(6)mentioned in an earlier paper, at first sight it appua that the

mechanisms developed by various investigators are inconsistent with each

other. However, closer examination of the problem indicates that hot

corrosion can occur via different mechanisms depending upon the conditions.

There is a need, therefore, to put hot corrosion theory into a perspective

such that the various mechanisms of degradation and the effects produced

by different elements are not inconsistent with one another. The purpose

of this paper is to present a unified theory for hot corrosion. An important

feature of this theory is that it proposes that hot corrosion can take

place via different mechanisms. To establish this point conclusively,

experimental data are presented to identify each of the mechanisms in acme

detail and to describe their interdependence.

EX1EREMEN1AL

One of the difficulties in studying the hot corrosion of alloys is the

selection of appropriate tests. The hot corrosion behavior of alloys can

be markedly dependent upon test conditions. It is herefore possible to

obtain widely differing results depending upon the conditions established

by the test. For example, as shown in Figure 1, the amount of hot corrosion

attack of a Ni-8Cr-6Al* alloy after 6 hr.. at lUOOC is essentially negligible

Alloy compositions are expressed in weight-percent.
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when 0.5 mg/cm2 Na2 S0 4 is present on the surface of the alloy but very

severe attack is observed if this alloy is immersed into I gm of Na2 SO4 .

In attempting to develop a hot corrosion theory that applies to all metals

and alloys, it is therefore necessary to utilize tests that encompass as

many as possible of the combinations of conditions which can give rise to

hot corrosion attack. Hence, it is necessary to use a variety of different

hot corrosion tests.

The tests available to examine the hot corrosion of metals and alloys

can be put into two general categories. One category involves tests in

which the primary reason for developing the test is simulation of the

conditions established by a specific process or operation. For example,

burner rigs(1•)16) have been developed to attempt to simulate the conditions

that exist in the hotter sections of gas turbines. The problem with

such tests is that the definition and control of the test conditions often

become less precise as the degree of simulation is increased. The other

category of tests are those in which the primary reason for developing

the test is to precisely control and observe the effects produced by changing

certain specific parameters known to be important to the hot corrosion

process. The problem with these tests is that conditions are usually rather

far removed from those that actually exist in the process under consideration.

In order to understand the hot corrosion process, tests from both categories

must be utilized.

This paper will emphasize the hot corrosion attack of alloys that

occurs in gas turbines but the results will be generally applicable since

it is desired to formulate a unified hot corrosion theory. Burner rig tests

"were used to help define the experimental parameters that were critical to the
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hot corrosion process, and laboratory tube furnace tests were performed to

study the effects these parameters had on the hot corrosion process. The

burner rig tests were performed in a dynamic combustor designed by Dils,(16)

Figure 2. This rig was operated on distillate jet fuel and compressod air.

Six specimens could be exposed in this apparatus simultaneously. The entire

arw.ay of specimens was oscillated about the combustor axis in order to provide

uniform specimen exposure conditions. Gas velocities over the specimens

were about 200 m/s. The laboratory tube furnace experiments were performed

at temperatures between about, 700* and 1000C. Deposits of salt, usually

0. - 5 mg/cm2 Na 2 S0•, were formed by spraying warm (. 1509C) test coupons

(,. 2 cm x 2 cm x 0.2 cm) with an aqueous solution of the salt. Tests using j
large amounts of salt (• I gm) were performed by using an -Al2 03 crucible

to contain the salt into which the test coupons were imnmersed. Most of the

experiments were performed in static air or flowing oxygen ath o atm) but some

tests were performed in flowing oxygen having an SO pressure of about s0"e

atm. The SO3 pressure was developed by adding SO2 to oxygen uising capillary

flowmeters and passing these gases over a platinum catalyst.

Both isothermal and cyclic temperature tests were utilized. In the

isothermal tests the furnace hot zone temperatures were controlled to better

than i 20C. In the cyclic tests, specimens were subjected to hot zone

temperatures for 50 minutes and cold zone temperatures (- 25" - 4onc) for

ten minutes during each hour of exposure. The metals and alloys used in

this investigation are presented in Table I. Prior to testing, all specimens

were polished through 600 grit silicon carbide abrasive paper, ultrasonically

agitated in ethylene trichloride, rinsed in ethyl alcohol and dried.

SI I
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The attack of exposed specimens was evaluated by using weight change versus

time data, and detailed analyses of microstructural and surface morphological

features. These analyses were accomplished by using standard techniques involving

the light microscope, scanning electron microscope, electron beam microprobe

and X-ray diffraction.

REULTS AND DMCtESION

Hot Corrosion Degradation Sectuence

In attempting to develop a unified theory for hot coirosion of alloys,

one of the first problems encountered is caused by the fact that the degradation

mechanisms can change with time. An initial question involves, therefore,

the time at which the hot corrosion process should be analyzed. Examination

of hot corrosion data obtained as a function of time, Figures 3 and 4p shows

that there appears to be two distinct stages of the attack, in particular,

an initial stage during which the attack is not too severe and a later stage

for which the attack has substantially increased. Exumination of exposed

specimens as a function of time, Figure 5, shows that microstructural features

developed during the attack undergo a marked change as the severity of the

attack increases. Initially the microstructural features are not too much

different than those that would have developed in the absence of the salt

deposit, but after the rate of attack increases, the microstructural features

I are much different than those that could be developed by reaction of the

alloy with the gas in the absence of the malt.

The observed tendency for the hot corrosion process to consist of

two stages is really not an uncommon phenomenon. The usual practice in

developing alloys with resistance to high temperature corrosion is to utilize

the concept of selective oxidation(17). During the initial stages of do-

-5-
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gradation the reaction product formed because of selective oxidation predominates,

whereas other, less protective phases are formed as reaction products later in

the degradation sequence. Typical weight change versus time curves for such

alloys are presented in Figure 6. In view of this behavior, it is reasonable

to describe the gas-induced degradation of alloys as composed of essentially

two stages, namely, an initial stage where the reaction product formed at the

surface of the alloy is composed predominantly of the most protective phase,

and a subsequent stage involving more rapid propagation of the degradation where

the reaction product consists of substantial amounts of less protective phases.

It is important to note that the time at which the transition from the more

protective reaction product (initiation stage) to the less protective product

(propagation stage) takes place is dependent upon test conditions. For example,

as indicated schematically in Figure 7, the transition would take place much

sooner in a cyclic oxidation test compared to an isothermal test. Since the

gas-induced degradation of virtually all corrosion resistant alloys can be

considered as composed of initiation and propagation stages, it is reasonable

to suppose that s imilar stages are operative during hot corrosion attack

but occur after shorter times as shown in Figure 7. Moreover, the hot corrosion

process can be conveniently analyzed in terms of how the salt deposits alter

the processes that would have taken place during these two stages in the absence

of such a deposit.

It is necessary to emphasize in discussing results obtained from studies

on the hot corrosion of alloys, that it is very important to define whether

the degradation process is in the initiation or propagation stage. In the case

Sof a particularly mild teet the degradation of a given alloy may be in the
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initiation stage and with continued exposure a substantial increase in the

degradation rate would be expected. However, in the case of very severe

tests, the propagation stage can be reached after short exposures and no

subsequent increase in the degradation rate is to be expected.

Initiation Stage of Hot Corrosion Attack

During the initiation stage, elements in the alloy are oxidized and

electrons can be considered to be transferred from metallic atoms to reducible

substances in the deposit. When the reduced substances are the same as those

that would have reacted with the alloy in the absence of the deposit, the

reaction product barrier forms beneath the salt on the alloy surface, Figure

8, and exhibits mostly features resulting from the gas - alloy reaction. Asl

the hot corrosion process iu continued however, features begin to become

apparent which indicate that the salt is affecting the corrosion process

and eventually the selective oxidation process is rendered ineffective. The

increasing amount of sulfide particles in the photographs presented in Figure

5 is an example of this condition. The time for which the most effective

reaction product barrier is stable beneath the salt layer is influenced by

a number of factors identified in Figure 8. It is important to note that

these factors also have significance in that they precondition the alloy,

"thus determining the type of propagation mode to be followed. In the

! i following) the most important factors affecting the initiation of hot

corrosion attack are discussed in some detail and examples are presented to

illustrate their effects.

Ix
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All___oy C omposkition

Numerous examples can be cited to illustrate the influence of alloy

composition on the length of the initiation stage. The data presented in

Figure 3 show that the length of the initiation stage for hot corrosion

induced by Na2SO4 in air is increased as the aluminum content of nickel-

chromium or cobalt-chromium alloys is increased from 6 to about 11%. It

also shows that the initiation stage for Co-Cr-Al alloys is longer than

that for nickel-base alloys. As will be shown subsequently, the degradation

associated with the propagation mode for the alloys in this test (Na2SOj

deposit and air) consists of combined basic fluxing-sulfidation. In this

propagation mode, degradation is believed to occur because oxide ions

are produced as a result of the removal of sulfur from the Na204 by the

alloy. The oxide ions degrade the protective scales by reacting with them

and oxidation of the sulfide particles within the alloys also results in

increased rates of attack. By increasing the aluminum content from 6 to

about 11% an a.Al 2 03 scale is stable for a longer period of time which

prevents sulfur removal from the Na2So 4 by the alloy and, hence, the pro-

duction of oxide ions. As the Al 0 scales become unstable, the Co-Cr-Al2 3
type alloys incorporate sulfur fram the Na2S04 much more slowly than the

Ni-Cr-Al alloys.

In discussing the influence of alloy composition it is necessary to

emphasize that some elements can produce beneficial effects over certain

concentration ranges but deleterious effects over others. The data

presented in Figure 9 show that the degradation of a Ni-3OCr-6Al alloy is
less than that for a Ni-3OCr alloy after about 80 hours, but substantially

...... .



more after 100 hours. This occurs because, in nickel-base alloys which

are not A1 2 03 formers, aluminum causes the sulfidation propagation mode to

be especially pronounced. In such alloys sulfur is very rapidly removed

from the Na 2 30 4 due to the formation of numerous sulfide particles in the

alloys. The Ni-3Or-6Al alloy is not attacked severely as long as it can

maintain a continuous, external-scale of A1 2 03 on its surface. As other

oxides become stable, however, very severe degradation ensues. Hence,

aluminum in alloys can produce both beneficial and deleterious effects

on their hot corrosion resistance.

The data presented in Figure 10 show that by increasing the chromium

content of a Ni-80r-6Al to 15% the initiation stage for hot corrosion induced

by a large amount of Na2SO in air is substantially Increased. The propagation

mode for these two alloys under such conditions is via basic fluxing. In "IF

order for this propagation mode to occur, it is necessary to establish a

substantial oxygen gradient across the Na 2 SO . By increasing the chromium

content, continuous external scales of Al0 or Or 0 remain stable longer2 3 2 3

and these types of scales consume less oxygen than when these oxides are

discontinuous. The same type of results are obtained when the aluminum

concentration of this alloy is increased.

Fabrication Condition

The hot corrosion attack of alloys can be significantly influenced by

fabrication condition. As shown by the weight change versus time data

present:id in Figure 11, an as-cast NiCrAlY alloy was more severely attacked

than a vapor deposited alloy.* One effect of fabrication condition on

Vapor deposited alloys are of interest because overlay coatings are often

fabricated by using vapor deposition techniques.

-9-
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the initiation of hot corrosion attack is through compositional inhomogeneities.

As-cast alloys are less homogeneous than vapor deposited alloys and hot

corrosion attack is initiated in localized areas of cast alloys at which the

composition is more susceptible to attack. Once initiated, the hot corrosion

attack spreads laterally to locations with compositions more resistant to

attack.

Gas Composition and Velocity

The composition of the gas phase can produce very substantial effects

on the initiation and degradation rate of hot corrosion attack. In Figure 12

weight ohange versus time data are compared for the oxidation of a Na2 S0 4 -

coated Co~rAlY coating in oxygen and in oxygen containing SO3 at 10 atm.

The hot corrosion attack is initiated virtually from the beginning of

weight-increase measurements in the gas with SO3 but no attack was observed

after 20 hrs. in pure oxygen. The influence of the SO in. this example
3

is two-fold. Sodium sulfate is not liquid at 700*C. When oxidation of CoCrAlY

occurs at this temperature in S03, a liquid solution of Na2S04 - CoS04 is

formed. Hot corrosion attack is more easily induced when a liquid phase

is present. Sulfur trioxide, however, also influences the rate at which the hot

corrosion attack is propagated. For example, the attack in oxygen is not

as severe as in oxygen with SO even when a deposit of Na2SO3 a2S -MgSO4 'a
used which is liquid at 7000 C in oxygen, Figure 12. The mechanism by which

S0 influences the hot corrosion attack will be considered subsequently. The3
point to be stressed here is that the initiation and type of hot corrosion

attack are dependent on the composition of the gas.

-10-
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The velocity of the gas is a parameter of significance in the hot corrosion

of alloys. Gas velocity effects are especially evident in situations where

volatile components play a role in the hot corrosion process. For example,

as will be shown subsequently, the accumulation of MoO3 in Na2 SO4 on Ni-

8Cr.6Al-6Mo causes very severe hot corrosion attack. As can be seen in

Figure 13, the attack of this alloy is initiated in static air much sooner

than in flowing oxygen because less MoO is lost from the Na.SO to the gas
34

in the static environment. Velocity induced effects can-be especially pre-

valent in burner rig experiments where gas velocities in excess of 300 m/s

can be achieved.

Salt Composition

The composition of the salt can effect the hot corrosion of alloys. In

Figure 14 photographs are presented to compare the degradation microstructures

developed in coatings exposed to Na&SO4 containing different amounts of Natl.

The degradation becomes more severe as the NaCl concentration in the deposit

is increased. As will be shown subsequently, the NaCl in the deposit causes

the hot corrosion degradation to be different than that induced by pure Na2 SO4 .

Numerous other examples are available to illustrate the importance of salt

composition on hot corrosion attack. It is sufficient at this point to

indicate that there are two types of salt composition effects. One type occurs

because the deposit transforms from solid to liquid with the compositional

change, Figure 12. The other type involves changes in the mechanism of the

hot corrosion attack, Figure 114.

-11-V.
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Salt Deposition Rate

The amount of salt that is present at the surface of alloys exerts

very significant effects on the rates and, in some instances, the mechanisms

of hot corrosion attack. The amount of salt which is present on the surfaces

of alloys affects hot corrosion attack by two means. Some degradation

mechanisms are not self-sustaining. Salt is consumed in the corrosion process,

and therefore, the more salt present the more attack, Pigure 1. Other

mechanisms require the salt to have a certain composition for initiation.

These specific compositions are formed at the salt-alloy interface by

modification of the as-deposited salt as a result of reaction with the alloy.

The thickness of the deposit influences the time required to obtain the

composition necosary to initiate attack. When attack occurs because of the

development of a gradient across the salt from the gas phase, thicker

deposits cause attack to be initiated sooner than thinner deposits. On the

other hand, when attack occurs as a result of the accumulation of elements

from the alloy in the deposit, then attack can be observed sooner with

thinner deposits, Figure 15. ]

Condition of Salt

Hot corrosion attack takes place because the deposit modifies the type N

of reaction which occurs between alloys and the gas environments. The condition

of the deposit plays an important role in how the deposit modifies the reaction.

Normally, a liquid deposit is most effective in causing hot corrosion attack,

Figuire 12, but it cannot be said that a liquid deposit is required for hot

corrosion attack. Very dense, solid deposits can cause the chemical potentials

_ 1
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of reactants in the gas to be much different at the alloy-deposit interface

compared to bulk gas valuesn( 8 J. Dense solid deposits on alloys can therefore,

in principlep cause hot corrosion attack.

When liquid malts are present on the surfaces of alloys, they are more

effective in causing hot corrosion when they wet these surfaces. In mazr

instances hot corrosion attack has been observed to stop after very thick,

porous scales have been developed. It has been proposed(8' that the liquid

is retained in the porous scale rather than wetting the alloy surface and thus

(19)the attack stops. In hot corrosion-erosion studies, it has been found

that deposition of small a-A 2 O3 particles inhibited attack, Figure 16.
2

This condition may result from the NaS4being retained in the porous Al203

deposit, however, it is also possible that the Al203 deposit reacts chemically,

with the Na SO

Hot corrosion processes are dependent upon temperature. In many cases the

time to initiate hot corrosion attack decreases as temperature is increased.

This effect in evident in Figure 17 where the time to initiate attack of

S Ni-30r-6A2 using N&2804 deposits and air is greater at 900"C than 10000C.

Hot corrosion conditions do existp however, where the attack becomes les

severe as the temperature is increased. In burner rig hot corrosion tests

it is more or less common procedure to ingest a controlled amount of salt

which is then deposited on specimens during test. For the same ingestion

rate of salt, less is deposited on the specimens as the temperature is increased.

It is therefore possible to observe less hot corrosion attack at the higher

temperatures because of the smaller amounts of salt on the specimens. Even

T/



when the salt deposition rate is the same, there are conditions for which

the rate of attack is greater at lower temperatures. One 'example is the

case where the deponit is liquid at low temperatures but solid at higher

temperatures. Such a case may be expected when N02 SO04 is in contact with

oxides of nickel or cobalt and 803 is present in the gas. At low temperatures

(~ 650C) the 803 pressure can be sufficient to form a liquid Na2BO4 - CoSO4

solution. At higher temperatures (, 850"C), the SO3 may not be sufficient

to form a significant amount of CoSO4 in the N and the deposit will be

solid. Another example involves the hot corrosion mechanism where 80 in
3

the gas phase plays a significant role in the corrosion process. This

mechanism will be discussed subsequently. As shown in Figure 18, the hot

corrosion of CoCrAlY with a Na2 SO4 deposit and an 803 pressure of 7,10"4 atm

occurs at a faster rate at 700*0 than 1000C. For a fixed amount of sulfur

in the gas) the 803 pressure becomes less as the temperature is increased.

As shown in Figure 18, the decreased 803 pressure also results in a slower

hot corrosion rate at the higher temperature.

Temperature Cycles

During the initiation stage of hot corrosion attack the reaction

product barrier that forms due to reaction of the alloy with the gas is (
developing beneath the salt deposit, Figure 8. Thermal cycling of

specimens causes this product to crack and spall. The transition from the

initiation stage to the propagation stage therefore occurs after shorter
ini

times as the number of thermal cycles is increased, Figure 19.

S-14-
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Eros ion

The time at which the transition from the initiation stage to the

propagation stage takes place is reduced when erosive conditions are present

in addition to the conditions cauaing hot corrosion attack, Figure 16. Part-

iculate impact damages the oxide that is formed during the initiation stage and

the result is the sam as for effects produced by thermal cycling. It has been

found, however, that erosion-hot corrosion (propagation stage) conditions

interact such that the combined effect is substantially greater than the

(19)
sum of th.se two processes acting independently1. It appear@ that

erosion accelerates hot corrosion attack (propagation stage) by removing

portions of the porous scale which, when present, absorbs the salt and

inhibits it from wetting the alloy surfacep Figure 20. Hot corrosion causes

erosion to be more effective by causing portions of the alloy to be undercut

by corrosion' product which are then more easily dislodged fram the alloy

by the impacting particles, Figure 21.

Specimen Geometr

It has been observed that hot corrosion attack frequently is initiated

at the edges of specimens, Figure 22. Such results indicate that there are

certain configurations of the oxide scale that form beneath the Na 2 SO4 layer,

Figure 8, whioh are more susceptible to damage and penetration by the Na2 804

than others. It is rather conmon to observe the spalling of oxide scales

initiating at the sharp angles of specimens or service hardware. Hence, the
observed influence of specimen geometry on the transition from the initiation

stage to the propagation stage of hot corrosion attack is to be expected.

....... .. .. ...... .... ....



Propagation Stage of Hot Corrosion Attack

The proceeding discussion shows that there are a great many factors

which influence hot corrosion attack. Such a situation in partly responsible

for what appears to be divergent results obtained by investigators studying

hot corrosion, since the experimental conditions usually are not identical.

While there are namerous factors which affect the initiation of hot

corrosion attack and precondition alloys for the onset of the propagation

stage, the mechanisms which are operative in the propagation stage are

not u=nageable. An indicated in Figure 23, results obtained from hot

corrosion tests indiq&,e the propagation stages for degradation of alloys

with salt deposits i..V° into three general categories. In one of these

categories the salt is innocous and degradation in the propagation stage

proceeds by the mechanism determined by the alloy and the gas. Such a

situation is likely to occur with porous, solid deposits through which

the gas can easily penetrate. (In principle it is possible that the salt

could produce beneficial effects, e.g. decrease growth rate of scale via

doping, and cause the onset of the propagation stage to be delayed, No

clear cut example of such an effect has been observed). The other two

categories involve degradation mechanisms which are different from thome

that occur in the absence of salt deposits. One category requires the salt,

or a product of the salt-alloy-gas reaction, to be liquid. ReactioiA

between elements in the alloy and components from the gas in the presence

of the liquid results in the formation of nonprot,.ctive reaction products.

The nature of the reactions that take place tnder such conditions are

similar to those where surfaces are cleaned by using calt baths for descaling

S-6]I



or fluxes (20,21) Hence, this category of the propagation stages has been

labeled salt fluxing reactions, The final category involves propagation

stages where a component from the salt is added to the alloy, or reacts with

the alloy or its corrosion products, such that nonprotective reaction product

barriers are developed. This category of the propagation stages can be called

salt component-induced hot corrosionp or degradation resulting from salt

component-alloy reactions.

In the following, propagation stages included in the general categories

of malt fluxing reactions and salt component-induced degradation will be

discussed in some detail. These degradation processes can be explained most

effectively by considering effects produced by a given salt, namely, N&2 SB.

This salt is very often a major component of deposits that have been observed

to initiate hot corrosion attack. Hence the experiments performed in this

study used primarily Na2 SO4 deposits. The hot corrosion theory that is pro..

santed in the present paper is applicable therefore to deposits having Na SO1

as a major component, howeverp the fundamental concepts are believed to be

generally valid.

Salt Fluxina Reactions

Sone of the first proposals that protective oxide scales could be re-

moved from the surfaces of alloys by molten deposits were generated in studies

concerned with fireside corrosion in boilers ( In these investigations

the corrosion observed in certain metal temperature regimes was associated

with certain types of deposits, in particular, alkali metal pyrosulfates

S ( e . g . N a 2 SO 7 ) a t t e m p e r a t u r e s b e t w e e n a b o u t 2 5 0 0 - 4 3 0 " C , a l k a l i m e t a l -i r o n

:. 
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trisulfates (e.g. Na3 Fe(8O 1 ) 3 ) between h80' - 7300C, and alkali sulfates at

temperatures above 750"C. A point of concern in the studies of the mechanisms

for fireside corrosion was that the measured 80 pressures in the gas streams
3

were usually much lower than tnose required to form pyrosulfates and trisulfates.

It was proposed that localized 803 pressures over deposits were much higher

than the measured values due to catalytic activity of the deposits. Recent

studies(23) have shown that SO production is indeed a function of boiler
3

fouling, increasing as the amount of deposits increases,

At elevated temperatures comparatively high SO3 pressures are required

to form sulfates of elements such as nickel, cobalt and aluminum. Further-

more, 803 pressures are lower for the seme amount of sulfur in the gas stream.

Sulfur trioxide can therefore be expected to play a progressively less dominant

role as the temperature is increased and investigators began to develop

mechanisms not involving 503 to account for hot corrosion attack at temperatures

above about 7500C.

Bornstein and DeCrescente(3) were among the first to propose that hot

corrosion of alloys involved a basic fluxing process, as opposed to the lower

temperature acidic fluxing process involving 803. It was proposed that

protective oxide scales were destroyed as a result of reactions with oxide ions

in the salt where the oxide ions were produced by removal of sulfur from the

N Goebel et al) extended the high temperature fluxing reactions to

acidic processes, where the component to make the salt acidic was proposed

to be certain oxides of elements in the alloys (e.g. MoO3 , WO3 ), and suggested

that porous) oxide scales may be formed during either basic or acidic fluxing

by precipitation from the molten salts into whi.ch these oxide scales had

initially dissolved.

-- , l8.



Goebel et al(7 ) proposed that the dissolution and reprecipitation processes

were controlled by the oxide ion activity of the melts which, in t~drn, was

regulated by the removal of sulfur from the malt (Na2 SO4 ) or by the addition

of o tides of certain mteas to the salt (e.g. MoO 3 ). Rapp and Goto

proposed that the dissolution-precipitation process may occur whenever a

negative gradient exists in the solubility of the oxide across the salt film

and that such gradients may be developed by the electrochemical reduction

reaction that accompanies oxidation of the metallic elements. The Rapp-Goto

proposal in therefore a more general, and a more powerful, criterion for oxide

scale dissolution and reprecipitation.

In the present paper the most important objective is to present a complete

and as self-consistent a picture of the hot corrosion process as possible.

It therefore will be attempted to show that, as with all hot corrosion processes,

the type of fluxing mechanism depends upon experimental conditions. Hence,

experimental results will be presented to identify the types of fluxing pro-

cesses that are relevant to the hot corrosion of metals and alloys. As these

processes are introduced and discussed, possible mechanisms will be described

to provide credibility, however, the point to be emphasised is the types

of fluxing reactions and how the different fluxing reactions are interrelated

as opposed to the details of specific mechanisms.

Thermodynams c Stability Diagrams

Before discussing the types of fluxing processes that are relevant

to hot corrosion, it is helpful to examine thermodynamic stability diagrams

as a means of predicting the fluxing reactions that are feasible. In

1'
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Figure 24a a schematic diagram is presented defining the regions of stability

of some of the phases in the Na - 0 - S system as a function of oxygen and SO3

pressures. The construction of such diagrams has been discussed in previous

papers(6'7). 'The Na2SO4 region of this diagram describes the compositions

of Na0 that can be deposited on materials where a specific composition

has been indicated by a dot. When the Na2 SO4 covers the alloy as a layer,

Figure 21b, as is often the case, components from the gas must diffuse through

the Na SO to react with the alloy. Hence the composition of the Na SO
2 4 &2504

adjacent to the alloy can become significantly different from that in

equilibrium with the gas as indicated schematically with arrows in Figures 24a

and b. Three compositional changes of importance can take place, in particular,

the salt can become more basicp or more acidic, and it almost always becomes

more sulfidizing as a result of the lower oxygen activity.

The process by which the salt becomes more sulfidizing is straight-

forward. The oxygen, sulfur and S03 pressures are interrelated by the

following expression:

2PSO K (1)

and, providing the SO is not decreased substantially, the sulfur pressure

3,
is increased as the oxygen pressure is decreased, Figure 24a. There are

at least two processes by which the Na2 SO 4 becomes more basic (i.e. production

of oxide ions). One involves the removal of sulfur from the Na2 80 4 by the

alloy whereby I
""so " S(alloy) + 2 02 + 0 (2)
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and oxide ions are produced. The other process arises because the oxide

product formed on the surface of the alloy may donate oxide ions to the salt

as proposed by Rapp and Gorte2o). While the oxide that is attempting to

be formed at the alloy surface may donate oxide ions to the salt, it

could also react with existing oxide ions by reactions such as

M + 0 2- Mo2 2- (3)

This latter reaction is a means by which the salt can become more acidic.

The question of whether the oxides beginning to be formed upon the

surfaces of alloys will make the salt basic or acidic is determined by the

oxide ion concentration of the as-deposited salt (defined by that at the

salt-gas interface) and the affinity of the oxides and their metal ions for

oxide ions. The affinities of various relevant metals for oxide ions can be

described by using stability diagrams superimposed on the Na2so4 region of

Figure 21a. In Figure 25 some diagrams for nickel, aluminum and chromium

are presented. These diagrams indicate the phases which are stable in

Na 2IO04 It can be seen that there are acid melts (0) for which NiO is more

effective in developing basic conditions than A1O 3 . On the other hand,

there are basic melts, (e), for which Al 0 is more effective in making2 3
acidic conditions than Cr2 Oy3

Examples of basic and acidic fluxing will be presented in the following

sections and some superimposed diagrams will be used to help account for

results. It is important to emphasize that care must be exercised when using

superimposed diagrams. For convenience, a number of diagrams have been

superimposed on the same Figure, Figure 25. These diagrams have been con-

-21-
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structed with no consideration of the interaction that can occur between

(25)
the individual metals and therefore in the case of alloys they can only

be used to indicate the phases of the metals that ma be stable in Na 2 SO

at specific SO and oxygen pressures.

Basic Fluxing

A feature that is common to basic fluxing is that the total amount of

attack becomes greater as the amount of the salt is increased, Figure 1. The

microstructural features that are developed during basic fluxing are

dependent upon the alloy composition. Photographs illustrating what is

believed to be degradation due to pure basic fluxing are presented in Figure

26. The mi3rostructures shown in Figure 26 were developed by using a large

amount of Na 2SO 4 and a Ni-8Cr-6A1 alloy. Similar structures can be developed

in this alloy using smaller amounts of Na2S0 but it is necessary to examine

the specimens during the early stages of attack, ,'igire 27a because the

microstructural features change with time as the Na 2 SO4 becomes depleted of

oxide ions, Figure 27ýb.

The sequence of events that take place during pure basic fluxing can be

reconstructed from the photomicrographs presented in Figures 26 and 27 and

analyses of the salt after test. The balls of nickel sulfide on the surface

of the alloy) Figure 26a, show that the oxygen pressure must be low while

the sulfur pressure is high enough to form nickel sulfide. At the corrosion

front, aluminum and chromium are being removed from the alloy by the Na2SO4

and virtually pure nickel is being left behind, Figure 26c and X-ray images.

In addition, analyses of the solutions obtained by washing test specimens during

the very early stages of attack show that the solution is basic and contains

-22- i
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soluble aluminum and chromium, Table II. It therefore appears that at the

beginning of attack an oxygen gradient is developed across the Na2SO it

should be noted that in such tests the Ni-15Cr-6Al alloy is not attacked,

Figure 10. Hence the oxygen gradient must be established because a continuous

layer of 0r203 and Al 0 is not developed on the Ni-OCr-6A1 alloy as indicated

schematically in Figure 28a. As a result of this gradient in the oxygen

pressure, the sulfur activity, Figure 24a, is increased and nickel sulfide A

is formed at the surface of the alloy, Figure 28b. The Qxide ion concentration

in the Na2 SO4 , which has been increased due to the nickel sulfide formation,

reaches values at which the Al203 and Cr2 03 dissolve into the NaeSO%, Figure

28b. A process is therefore developed where sulfate ions diffuse toward

the alloy and as regions of lower oxygen pressure are approached these ions

sulfidize nickel whereby oxide ions are produced which in turn react with A120 3

and Cr2 03 to form products that are soluble in the oxide ion enricned Na•O 4,

Figure 28c. The aluminate and chromate ions diffuse away from the alloy and

are precipitated at higher oxygen pressures as Al 23 and Cr2 03 along with

oxide ions that diffuse out into the bulk Na2 804 in exchange for sulfate ions

The important feature of the process is the compositional differences that

are developed across the Na 2 S0 4 , Figures 28c and d. Schematic phase stability

diagrams, Figure 28d, can be constructed to account for the various phases

observed in the corrosion product, Figure 28c. As long as there is a supply

of sulfate ions from the Na2 O04 the hot corrosion process proceeds at

approximately a linear rate, Figure 1, but as the source of sulfate ions is

depleted the attack diminishes and oxygen becomes more plentiful in the

corrosion product. The nickel sulfide particles in the scale become oxidized
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and some of the sulfur from this process moves deeper into the alloy where,

in the case of a Ni-SCr-6A1 specimen, chromium sulfide is formed, Figure 27b.

The example of basic fluxing that has been presented was for Na 2S0-

induced hot corrosion in air or oxygen. In a gas containing SO the corrosion

process could be significantly different but the degradation will still be

affected by the composition of the alloy. For sone alloys the melt may become

so basic at the Na PC0 4 -alloy interface that the SO3 pressure in the gas may

exert no significant effect but in others, as will be shown subsequently,

it may play a very important role.

The particular example of basic fluxing which has been presented was

given to document as conclusively as possible that degradation via a basic

fluxing process can occur. It must be emphasized that the generation of

oxide ions necessary for the attack need not arise from the formation of

nickel sulfide as was the case in this example. Formation of other sulfides

(e.g. chromium sulfide) in alloys can lead to oxide ion production in Na2 S0h.

More importantly, as suggested by Rapp and Goto, (24) oxide ion production

need not occur as a result of sulfur removal from the Na2 SO4. In the Rapp

and Goto mode± increased basicity is proposed to occur because of the reduction

process that accompanies oxidation of the elements in the alloy. In this model

the hot corrosion process involves dissolution and reprecipitation of oxide

where the criterion for such a condition to exist is a negative gradient

of the oxide solubility in the salt at the oxide-Lalt interface.

Data are available which suggest that reprecipitation of oxide does occur

during hot corrosion of some metals. For example, during the NaHSO - induced

hot corrosion of cobalt in oxygen an oxide slag floating on the salt has been A "
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observed, Figure 29a. Beneath the salt the CoO is composed of a network.

of pores, Figure 2yb, and it appears that once the Na 2 804 penetrates the

oxide scale conditions are developed whereby the scale is stripped from

the metal, Figures 29c and d. A model for the hot corrosion of cobalt

induced by a thin (, 1 mg/cm2 ) layer of Na2 SO4 is presented in Figure 30.

Upon heating a Na2 S04 - coated specimen to a test temperature near about

1000C, a layer of CoO in formed before the Na Aftera2 4 melts,' Figure 30a. fe

the Na.SO] melts an oxygen gradient is developed across the liquid which)

in turn, causes the sulfur activity over the CoO to be increased. Sulfur

may then diffuse through the CoO and form sulfide at the Co-Co0 interface

which indeed has been observed. Oxide ions should therefore be produced

in the Na2BO4 which can react with the oxide scale to form CoO 2 " ions

that then diffuse to the Na SO -gas interface and decompose due to the

lower oxide ion activity, Figure 30b. This hot corrosion mechanism in

similar to that described for Ni-60r-6AI except the sulfide phase would

be formed beneath the oxide scale rather than within the corrosion product.

By using the Rapp and Goto model it in not necessary to have the sulfur go

into the metal in order to produce oxide ions. It can be proposed that the

Na2 6O04 composition is such that it becomes more basic at the CoO-Na2SO4 inter-

face due to the reduction of oxygen (i.e. 1/2 02 + 2e - 02-). In addition,

it can be proposed that the oxide solubility in the Na2 804 decreases as the

salt becomes less basic. The oxide will therefore reprecipitate in the NaSO'

near the gas interface, Figure 30b.

SIRegardless of the mechanism by which the oxide is dissolved and re-

precipitated, hot stage microscope observations made during the hot corrosion
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of cobalt show that the oxide scale is eventually penetrated in localized

areas and a gas is evolved from the Na2so V It appears that penetration

of the scale by Na2 SO4 causes the oxygen pressure to be reduced and the

sulfur pressure to be increased whereby the pressure of 802 approaches

unity. Beneath the scale, oxide ions are produced not only because of

sulfide formation but also due to SO2 evolution and consequently the scale is

(26)stripped from the metal surface, Figure 30c. Meier has proposed that

sulfide formation at the oxide-metal interface may be sufficient to result

in stripping of oxide scales. The scales formed during the hot corrosion of

cobalt) as well as nickel, are composed of discrete layers of oxide,

Figures 29c and d. It therefore appears as though the penetration and stripping

process is a cyclic process, Figure 30d. Fluxing of the scale, as a result

of sulfur removal from Na2 SO4 , would be cyclic since large amounts of oxide ions
aSA

would be formed as the oxide scale is initially penetrated. Meier's proposal

on sulfide formation giving rise to stripping would also be cyclic in nature.

The basic fluxing models involving dissolution and reprecipitation, and

oxide stripping permit large amounts of attack to be produced by comparatively

small amounts of Na2 0o4. For example, if it is assumed that a localized

penetration of 5 pm in diameter causes detachment of an oxide layer, with a

thickness of 3 ^m, over an area of 104 square -microns, then the molar

ratio of nonprotective oxide to available Na2 S04 is about 3 to I for a specimen

with 1 mg/cm2 of Na SO . Moreover, the number of moles of oxide ions required

to form the hole is at least 2 orders of magnitude less than the number of

moles of oxide ions available in the Na2 SO over 10Q square microns. While

both oxide stripping and repzecipitation can be used to account for the ob-

servation that the molar ratio of nonprotective oxide to Na2_304 deposited on
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specimen surfaces is commonly between 10 and 100, it in important to emphasize

that basic fluxing usually does not proceed indefinitely. One reason for this,

first proposed by Reining, (8) is that an the thicknesses of nonproteotive scales

are increased, the Na 260 is absorbed into the porous scale rather then re-

maining on the metal surface and accelerated attack therefore stops. (The

reduced hot corrosion observed in the burner rig tests where *-A1 2 03 wasi2 3
deposited along with Na2SO4 may be an example of such an effect, Figure 16).

Another reason which applies only for hot corrosion in air is that the

reprecipitation of oxide causes the oxide ion concentration at the Na2 S04 -gu

interface to be increased and saturation must eventually occur.

Binary alloys containing chromium are not attacked very substantially

via the basic fluxing degradation process. (These types of alloys are

susceptible to hot corrosion via smlfur-induced attack which will be discussed

subsequently). This is surprising because Cr203 reacts with Na&S04 in air

at temperatures of approximately 1000C to form NaCr 2O4. I0 n discussing

these alloys it is useful to consider alloys with low chromium concentrations

on which continuous layers of Cr2O3 are not formed, and then alloys with

higher chromium contents where continuous Cr203 layers are developed. In

nickel or cobalt alloys with low chromium concentrations the external scales

are NiO or CoO and these oxides are susceptible to basic fluxing. During

the initial phases of attack, however, these oxides are competing with Cr2 03

23
•rfor oxide ions. Since the Cr 20 3 has a greater affinity for oxide ions) as

was first noted by Bornstein and DeCrescente, (3) the NiO or CoO forms on the

specimen surface an a continuous and protective layer. The condition that

the Cr 0 reacts with oxide ions is not sufficient by itself to stop or
2 3
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inhibit attack. Hot corrosion attack is occurring via dissolution of Cr 02 3

and if there is not enough Cr,0 then the NiO or CoO will eventually react.
2ýO3

It is therefore necessary for the initial reaction of the melt with Cr2 O3 ,

in preference to Ni0 or CoO, to result in a situation where, after the Cr 2 03

is consumed, the Na 2 S0 4 cannot return to a acaposition at which reaction

with NiO or CoO can occur. One possibility in that the thicknesses of NiO

or CoO become sufficiently large such that sulfur is not removed from the

Na 2 SO• by the metal and therefore oxide ions are not produced. Indeed,

preoxidation of nickel or cobalt can be used to stop hot corrosion attack

providing the preformed oxides are not cracked during application of the Na So0.

The lack of hot corrosion attack of alloys with higher chromium concentrations

for which continuous layers of Cr2 O3 are formed can be explained by using

the model of Rapp and Goto if it is supposed that the solubility of Cr2 0

is less at the Cr2 O0-Na 2 SO4 interface than at the Na2 SO4-gal interface. Chromia

will react with the Na28O4 but it will become saturated and a continuous layer

of Cr2 03 will then form on the alloy surface. Stroud and Rapp(27) have measured

the solubility of Cr203 in Na2 8O4 at two oxygen pressures. These data have

values for which the solubilities across the Na2 SO4 indeed can be such that a

dissolution and reprec.pitation fluxing process is not possible.

Other elements in bin.ry nickel and cobalt base alloys can produce effects

similar to chromium at low concentrations. Aluminum, molybdenum or tungsten

can be used to prevent the attack of nickel or cobalt via basic fluxing. At

concentrations of aluminum for which continuous c-A1O3 scales are formed, how-

ever, this oxide is susceptible to basic fluxing, Figure 4. As will be shown

subsequently, the oxides of molybdenum or tungsten can make the Na2 S04 too acid

and degradation via acidic fluxing becomes possible.
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Acidic Fluxina

A feature of acidic fluxing that differs from basic fluxing is that

acidic-induced attack is usually self-sustaining. Hence small amount. of

deposits produce much more attack for acidic fluxing compared to basic

fluxing. Ash or salt deposits can be made acidic by two different processes.

One process (alloy-induced acidity) has already been described under basic

fluxing. It involves the formation of oxides on the surface of alloys

which have a great affinity for oxide ions (e.g. MoO3, We3, 0r203). The

other process (gas-induced acidity) occurs because of a species in the gas

that makes the salt acidic. The most common gas components that make the

deposit acidic are SO3 and V2O5 which are often introduced to the gas via

combustion of fuels containing sulfur and vanadium. At this point it is

worth noting that a situation analogous to gaa-induced acidity was not

considered for basic fluxing. In principle, hot corrosion produced by gas-

induced basicity is also possible. The impurities which are usually present

in fuels, however, normally are not capable of produc 4ng highly basic salts.

Alloy-Induced Acidic Fluxing

The weight change versus time data presented in Figure 31 canpares the

hot corrosion attack of Co-25A1 and Co-25AI-12W alloys. The hot corrosion

propagation mode for the Co-25A1 alloy proceeds by combined effects of basic

fluxing and sulfidaticn. The sulfidation propagation mode as well as inter-

action between basic fluxing and sulfidation will be discussed subsequently.

At this point it is sufficient to note that the NaB0O - induced hot corrosion

of Co-25Al involves localized penetration of the A1O 3 scale. formed on these

""1203
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alloys via a basic fluxing process. Subsequent degradation after penetration

of the Al 0 by the Na2 SO appears to involve oxidation of aluminum sulfides.

The addition of tungsten to the Co-25A1 alloy couses the time required to

initiate hot corrosion attack to be extended, Figure 31, (the weight losses

observed during the first 50 hrs. of attack are believed to result from

vaporization aSO d evolution of SO an WO3 i dissolved into the

Na2SO4). Once the attack is initiated, however, it in self-sustaining in

the alloy with tungsten and hence more attack takes place compared to Co-

25AI, Figure 31. The tungsten in the Co-25AI-2W alloy is producing effects

similar to those of chromium in nickel or cobalt alloys with low chromium

concentrations, in particular, We3 is preventing the bsaic fluxing of A20 3

by preferentially reacting with oxide ions. The eventual self-sustaining

attack that occurs i. an example of alloy-induced acidic fluxing due to

tungsten. The time required to initiate alloy-induced acidic hot corrosion

of Co-25A1-12W is greatly reduced when N SOs-ooated specimens are annealed

in argon prior to exposure in oxygen, Figure 31. This result shows that a

reduction of the oxygen pressure in the Na2SO4 favors the introduction of

tungsten into the Na2S04. Washing of specimens after the alloy-Induced attack

has been initiateq causes the attack to stopc Figure 31. It is apparent that

the malt deposit is required for the attack to continue even though tungsten

from the alloy plVys a significant role in the corrosion process. Micro-

structural features, typical of the alloy-induced acidic propagation mode, are

presented in Figure 32 for the Co-25A1-12W alloy and thick corrosion products

are quite evident, An important feature is that there is a zone in the oxide

Ascale immediately adjacent to the alloy which is enriched in tungsten, Figure
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32 b, c and d. Other elements were also present in this zone, in particular,

cobalt, aluminum, and sodium. Sulfur was detected throughout the scale along

with sodiumand sulfide particles were present in the alloy just beneath the

scale, Figure 32b. The scale away from the tungsten enriched zone contained

relatively uniform distributions of cobalt and aluminum with discrete layers

"• of tungsten enrichment.

The features observed for Co-25AI-l1N alloy have been observed for

numerous other alloys (nickel-, cobalt or iron bus) containing tungsten,

molybdenum or vanadium. However, the mere presence of these elements does

not mean that such teaturee will be developed during hot corrosion attack.

Usually, certain minimum concentrations of these elements are requiredp but

the exact amount necessary for the attack is also dependent upon other elements

in the alloy. For example, during isothermal oxidation with Na2 8Oh, 1%

tungsten causes alloy-induced acidic fluxing of Co-200r-12W but not Oo-250r-l2W

Figure 33. During cyclic testing, however, the Co-250r-12Wp as well as a

nickel-base alloy containing the sme amount of chromium and tungsten,

undergo alloy-induced acidic hot corrosionp Figure 34.

The Ua2004i.nduced hot corrosion of a Ni-8Cr-6Ai-8Mo alloy has been

studied in some detail because these are the concentrations of chromium,

aluminum and molybdenum in the niokel-base muperalloy B-1900) an alloy that

is very susceptible to hot corrosion attack. Weight change versus time

data obtained for the oxidation of Na2 SO4 - coated specimens of NIi-Cr-6Al-
I 6Me and Ni-SCr-6AI are compared in Figure 35. A comparison of the behaviors

of these two alloys will be made in a subsequent section where the interaction
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between basic and acidic fluxing processes will be considered. At this point,

it is sufficient to state that the Ni-8Cr-6Al-6Mo alloy eventually exhibits alloy-

induced acidic hot corrosion attack and the microstructures obtained during this

attack are good examples to illustrate the features of alloy-induced hot

corrosion. The scales that are formed on this alloy are thick and exhibit a

layered texture, Figure 36. At the scale-alloy interface# a thin eon* of

sulfide particles is evident in the alloy and the scale immediately adjacent

to the alloy, Figure 36bp contains Na, S, O Mo, Ni, Cr and Alp Figure 36c.

It appears as though this zone may be a solution of N and
a2S4an Na2MoO 4 into

which A12 03 ) Cr2 03 and NiO are dissolved. The molybdenum enriched areas of

the scale are restricted to a narrow zone about a few tenths of a millimeter

thick immediately adjacent to the alloy. Beyond this zone the scale contains

more or less uniform distributions of all the elements in the alloy with the

molybdenum concentration Hubstantially below that of the enriched zone. The

layered texture of the scale, Figure 36a& apparently did not arise from gross

compositional differences but rather from different amounts of porosity of

the scales.

The microstruotures of degraded Ni-25A,-12W and Ni-8Cr-6AI-6Mo are very

similar. Both have undergone alloy-induced acidic hot corrosion which consists

of the following important steps. Oxides of the metals tungsten, molybdenum

.uid vanadium disso".ve into the Na2 804 forming tungstates, molybdate. and

vanadates and some S03 is displaced from the Na2SO4. The addition of the-I. i3 1

refractory element oxides to the Na2 80O depends on the oxidation characteristics

of the alloy. For some alloys, the refractory elements are oxidized at the

very beginning of the oxidation proces, whereas for others selective oxidation

of other elements results in longer exposure times before the refractory

J element oxides are available to react with the Na2 SO0. The NaR2 O14 solutions

-32-



gradually become enriched in the oxides of these metals since such solutions

probably have a high solubility for the oxides, a evidenced by the large

amount of WO that can dissolve into Na 2 WO (greater than 50 mole percent2 4
at 75'C )(283. It appears as though A12 03l , Or2 03 and. CoO can dissolve

into these refractory metal oxide enriched melts by donating oxide ions to

the melts. The reactions that may take place are

2Al + 3W + 602 - A1 3 +1 *O- 2A,3+ + 3W042-

20r + 3W + 60,• Cr2 03 +3W - 2Cr 3+ + 3WO 2"

2 3 3SO~~~o + W + 20 Cco O3.02 + W042

Theme ions diffuie through the solution (i.e. the zone enriched in refractory

metal, Figures 32 and 36) to the outer zone of the melt where the reactions

listed above proceed in reverse direction due to the lower activity of the

refractory metal oxides in this region an a result of the loss of the

refractory metal oxides to the ga phae. Hance) oxides of Cr0Or203

and CoO are dissolved at one side of the melt, Figure 36b, (alloy-melt

interface) and reprecipitated as a nonprotective scale at the other side

(melt-porous oxide). In additionp the melt is continually enriched in the

refractory metal oxide, however, the precipitation process does result in

some of the melt being incorporated into the outer, porous part of the

scale, Figures 32c and d.4.
The most important features of alloy-induced acidic fluxing is that a

tone of liquid is formed immediately above the alloy due to the accumulation

of certain refractory metal oxides (e.g. MoO3 , W03 , V2 05 ) in the Na 2804, and

the oxides normally relied upon for protection against attack (e.g. A½03 ,

II
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Cr2 03 , Ni0, CoO) become nonprotective due to a solution-reprecipitation

process. This attack is self-sustaining because a small amount of salt

appears adequate to cause the development of the refractory metal oxide

zone. It is important to emphasize, however, that while very small amounts

of salt cause very large amounts of attack, the presence of the salt is

necessary for the attack to continue. For example, the alloy-induced acidic

hot corrosion stops after water washing, Figure 31. When data is presented

to show the processes which take place during the initiation of alloy-

induced acidic hot corrosion, it will be shown that the sulfate ion is

removed from the melt rather quickly but sodium remains during the attack.

It is believed that the sodium permits a liquid phase to be established

at activities of the refractory metal oxides less than unity.

The effects produced by the re.ractory metal oxides in NaoSO4 and

the resulting solution and reprecipitation of oxides can be rationalized

to some extent by using stability diagrams. Stability diagrams identifying

the regions of Na2SO4 where basic or acidic fluxing reactions involving

aluminum may occur are presented in Figure 37 for two temperatures. The SO
3

pressures at which acidic reactions may occur are greater than one atmosphere

at the higher temperature. Since alloy-induced acidic fluxing is observed

at these temperatures, it does not seem reasonable to suppose that the

refractory metal oxides cause such attack by producing high 803 pressures.

. It has been determined that when Al 2 03 is exposed to Na 2 So4 in air at

1000C no reaction can be detected after 3 hrs. of exposure. If, however,

MoO vapor at an activity of about 0.1 is added to the gas stream, a3
significant amount of reaction occurs between the melt and the Al 20 3

, iIt therefore appears that the refractory metal oxides cause acidic fluxing

reactions for oxides sunh as Al 0 and Cr203 to become favorable at lower

s 30 pressures. Such a condition is indicated schematically in Figure 37b.
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Gas Phase-Induced Acidic Fluxing

The experimental data presented in Figure 12 show the importance of the gas

composition to the hot corrosion attack of a CoCrAlY coating alloy. Substantial

attack of this alloy is observed at rather low temperatures (e.g. . 7000C) but

the rate of attack is decreased abruptly when 80 is removed from the gas.3
After thousands of hours, this alloy is not noticeably attacked using Na2SO4

in air, Figure 38a, but substantial attack is observed within hours when S03

is added to the ga, Figure 38b. The attack of this alloy requires a Na 2 SO34

deposit since exposure to gases containing SO and 02 without Na 2 SO• does not

produce significant degradation, Figure 38c.

Microstruotural features obuerved via optical metallography and scanning

electron microscopy can be used, along with thermodynamic considerations, to

develop a model by which SO and Nae SO cause the hot corrosion attack of a3 2, 4~

CoCZAIY alloy. A zone enriched in cobalt is usually evident at the corrosion

product-gas interface, Figure 39a. X-ray diffraction analysis of this zone

of the corrosion product indicates that the cobalt is present as an oxide,

but it is not unusual to also detect sodium-cobalt sulfates (e.g. 'Na 2 o(SO) 2 ).

Within the corrosion product, two types of ghost images are often observed,

Figure 40a and b. These images are most clear at the corrosion product-

alloy interface. Platinum marker experiments indicate that the corrosion

product is formed predominantly viainward diffusion, of an oxidant, and

outward diffusion of cobalt. The ghost images, which are apparent due

to compositional differences in the corrosion product, become more diffuse

as diffusional processes lessen these compositional gradients.
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One type of ghost image is parallel, to the corrosion front and appears to

define the position of the corrosion front at earlier times in the corrosion

process, Figure 40a. Such ghost images, which can be called corrosion front

ghosts, appear as sequential dark and light zones in electron backscatter

images, Figure 40a, Microprobe analyses show that the dark zone is enriched

in aluminum and light zone in chromium, Figure 4Od. Oxygen is present in

both zones, as well as detectable amounts of cobalt, sodium and sulfur, Figure 39.

A larger concentration of sulfur was always detected in the corrosion product

just adjacent to the corrosion front. The sodium could always be removed

from the corrosion product by using water in the metallographic preparation

of specimens. This procedure did not remove the sulfur in the corrosion pro-

duct adjacent to the corrosion front, but often caused the sul'ur to be removed

from the outer part of the corrosion product.

The other type of ghost image is coincidental with the position of the

a -chromium phase of the CoCrAlY alloy prior to the formation of corrosior

product, Figure 4hb. This image also is composed of dark and light zones, but

the proportion of the light zone is greater than the dark due to the larger

amount of chromium in the 0-chromium phase which it replicated, Figure 40c.

At temperatures between about 6000 to 7000C, diffusion zones in the

"alloy, in advance of the corrosion front, signifying the preferential removal

of certain elementi from the alloy, usually are not evident, Figure 40a and b.

At the corrosion front, the dark zone of the corrosion product is adjacent

to the alloy, Figure 41, and it undercuts pieces of alloy which subsequently

appear to be converted to the light zone material in the corrosion product,

Fii,,re 41 (errows).
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As the temperature is increased,zones in the alloy depleted of aluminum

and chromium are more readily observed, Figure 42. Chromium sulfide particles

are also evident within these zones and the rate of attack is decreased,

Figure 18.

The results obtained from the microstructural exemination of CoCrAlY

specimens that were degraded via gas-induced hot corrosion at temperatures

between 6006-7000C permit the following remarks to be made about this

degradation mechanism:

* NaSO is distributed throughout the corrosion

product.

* Cobalt diffuses through the corrosion product to

the gas interface where oxides and sulfates of this

element are formed.

* Chromium is oniverted to oxide close to the corrosion

frcmt and little diffusion of this element is evident.

* Aluminum in preferentially removed from the alloy by

the hot corrosion process and it appears not only to

be associated with sulfur and oxygen immediately

adjacent to the corrosion front but also seems to be

present as oxide throughout the remainder of the

corrosion product.

* Yttrium in difficult to detect in the corrosion product

but can be found in the water used to wash tested

specimens.

0-37-
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The distribution of Na2SO4 uniformly throughout the corrosion product

indicates that the Na2.S0 4 was liquid at the temperature where the hot

corrosion took place. Studies of NaSSO deposits in gases containing SO

and oxygen show that the melting point of Na 2 SO4 is depressed as the 803

pressure is increasedC30). More importantly, however, the melting point
of liquid solutions of Na 2 SO 4 and 00504 or NiSO can be substantially

below the melting point of Na2 SO4 (e.g. the melting point of a Na2 8O 4 -

CoS04 solution containing 50 mole % CoSO4 is about 600*C)(2 8 ). During

the hot corrosion of Co0rAlY, covered with Na2 S0 4 , in a gas containing

SO and oxygen it appears that liquid solutions of Na 2 SO - CoSO4 having

melting points as low as about 600C0 may be formed. Even though Al 0
1203

scales are formed on CoCrAlY aalloys during oxidation, some cobalt oxide

will be formed as the Al20 is becoming continuous, Visual examination
23

of Co~rAlY specimens as a function of time shows that hot corrosion

attack often is initiated after the specimens have been subjected to a

number of test cycles. Cracking of the Al 0 scale may be necessary2 3
before sufficient amounts of cobalt oxide are formed to permit the

deposit to become liquid. As a result of such a condition, gas-induced

acidic fluxing can often result in very localized pit-type attack,

Figure 39a. Such degradation microstructures are very similar to pits

developed during aqueous corrosion as a result of local cell activity.

In the case of gas-induced acidic attack of CoCrAlY however, the localized

attack can be made much more uniform by vapor honing the specimen surface

prior to exposure in the corrosion test to remove the preformed oxide scale,

Figure 39c. When the preformed oxide is removed, cobalt oxide is formed,

more or less uniformly, over the surface during the initial stages of oxidation

and a liquid Na 280-C01O0 solution covers most of the specimen surface.

i~i
-38-



A schematic model to describe the gas-induced acidic fluxing of a CoCrAlY

r alloy in presented in Figure 43. At low temperatures the malt becomes molten as

CoSO4 dissolves into it, Figure 43a. Beneath this liquid layer the alloy

begins to react with components in the liquid. The principal reaction is one

of oxygen removal from the melt since the moat favorable reactions for elements

in the alloy are those involving oxide formation. It has been determined that

so is much more mobile in Na 280 than oxygen(3l) Consequently, it is reasonable
324

to propose that gradients in both oxygen and 80 are developed across the iiquid
3

layer with SO also supplying oxygen to react with the elements in the alloy,
3

Figure 43b. The processes by which the S03 and oxygen diffuse through the

3.liquid layer is not known, but it would seem reasonable that the SO3'combines

with sulfate ions and diffuses as pyrosulfate ions (S207") whereas oxygen

may be dissolved in the liquid as atoms.

The sequence of corrosion front ghosts, Figure 40a) composed of alternating

zones enriched in aluminum and chromium are formed by the selective removal

of aluminum from the alloy, Figure 43b, and then conversion of the chromium

to oxide in situ, Figure 430. Cobalt is not present as a discrete phue at the

'I surface of the alloy since the oxygen pressure Is too low. It dissolves in

the liquid and diffuses to the outer zone of the liquid where oxides are formed

and some of this oxide is converted to sulfate which in soluble in the Na2S0,

Figure 430. Aluminum removal from the alloy occurs by dissolution in the liquid

followed by reprecipitation at higher oxygen pressures as it diffuses away from

the alloy surface, Figure 43c. The precipitated Al20 forms the aluminum rich

zone of the corrosion product, and conversion of chromiumremaining in the

aluminum depleted alloyto oxide gives rise to the chromium rich zone, Figure

ii43d. This latter zone can be formed, not only parallel to the corrosion front

; ¶ -39-
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due to preferential removal of aluminum from the alloy, but also as extensions

of the &-cobalt phase in the alloy, Figure 43d.

The preferential removal of aluminum from the alloy and its subsequent

precipitation as A12 03 is believed to occur because of sulfite forratlon at

the liquid-alloy interface where the oxygen pressure is low and then t~onversion

of the sulfite to oxide in the liquid whore the oxygen pressure is higher,

Figure 43d. At low oxygen pressures the oxidation of aluminum is proposed

to be accompanied by reduction of SO rather than by reduction of oxygen.
3

The existence of 803 ions seems plausible since, at low oxygen pressures)

with a supply of 803 from the gas, the 802 pressure shoUld be relatively

high, Figure 37a, which indicates that such conditions are conducive for 3
sulfur to be present as 8 4 Indeed, sulfite ions were formed in the cathode

compartment when melts of Li 2 SO K = S04 were electrolyzed at 62500 (32).

The solubility of the aluminum sulfite in the liquid and its eventual con-

version to oxide has been assumed in order to account for the observed

morphology of the corrosion product, but the schematic stability diagram,

Figure 43e, does show that conversion of sulfite to oxide is to be expected

as the oxygen pressure is increased.

As temperature is increased the Likelihood of acidic fluxing reactions

involving sulfite becomes less since, as indioated schematically in Figure

143e, higher SO pressures are required to form sulfates and sulfites as the

temperature is increased and lower 80 pressures exist in the gas due to a
3

• larger proportion of 8020 Hence, as temperature is increased the gas phase-

induced acidic component of the degradation becomes less, and sulfide phases

are formed with increased frequency in the alloy, Figure 42a. Eventually,

oxidation of these sulfides are the primary means of hot corrosion degradation.
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The Rapp-Goto model(24) could be used to account for gas-induced acidic

fluxing and there would be no need to postulate the supposed formation of a

sulfite region. For this model to be operative the solubility of A½O3 should

be less it. the more acidic melts. The available data(2•7 for the solubility

of A12 03 in Na2 S04 are not consistent with such a proposal but the data are not

available for Na2 S04 melts exposed to extremely low oxygen pressures (e.g.

1010" atms).

In concluding the discussion of fluxing reactions it is to be emphasized

that the solution - precipitation feature of the salt fluxing processes results

in substantial amounts of attack being produced by a small amount of salt. The
conditions that lead to solution of the oxidized elements followed by pro-

cipitation of nonprotective reaction products are not unusual nor unique. They

can be established by: the production of oxide ions resulting from the removal
of sulfur from Na, S04; the consumption of oxide ions due to the addition of a

comonntwith an affinity for oxide ions (a~g. MoO3 so3) to the melt; or the
developmnt) in the melt, of negative gradients for the solubilities of the

oxides that are normally formed on the surfaces of alloys in the absence of salt

deposits(2". A similar phenomenon has been observed for the oxidation of

zinc (33). As a result of the high vapor pressure of zinc) its oxidation proceeds

rapidly when the oxide Is formed as a smoke or fume above the surface of the

zinc, Figure 4,4. As the oxygen pressure is increased, the fume is formed closer

and closer to the surface of the metal and the oxidation rate increases since
the zinc vapor has a shorter distance to diffuse. As the reaction site for oxide

reaches the metal surface, there is a very substantial decrease in the oxidation

rate because protective oxide is formed on the metal surface rather than a fume

of nonprotective oxide particles above it. The solution and precipitation process
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in salts is very similar to the formation of ZnO fume. The salt will be

successful in causing increased attack providing it can cause the metallic

elements in the alloy to react with oxygen above the alloy surface rather

than on it. There are a variety of processes by which this can occur and

a few have been described above. In Figure 44 a general model in presented

whereby an ion in the melt allows the metallic elements to be oxidized by

accepting electrons and oxide is precipitated away from the alloy surface

where the oxygen pressure is higher.

Interaction Between Basic and Acidic Fluxing Prooesaes

The previous discussion has considered basic and acidic fluxing as

independent of each other. Actually these processes can affect one another.

To illustrate this interaction the hot corrosion attack of two nickel-base

superalloys will be consideredp nanelyp B-1900 (Ni-8Cr-6AI-6Mo-lOCo-ILTi-4.3Ta-
0.11CO.15B-O.O7Zr) an alloy extremely susceptible to hot corrosion attack,

and IN 738 (Ni-16Cr-3.4Al-l. 75Mo-2.6W-8. co-3.4Ti-l. 75Ta-O. O12.--0.02B-0O 32Zr-

0.85Cb) an alloy with substantially better hot corrosion resistance. The

hot corrosion attack of these two alloys in air under isothermal conditions is

compared in Figure 45. Both alloys can be seen to undergo severe attack but

it takes much longer to initiate this attack for M 738. Analysis of IN 738

specimens after exposure times for which severe attack was observed indicated

the hot corrosion propagation mode was similar to that of B-1900. In particular,

a zone enriched in molybdenum and tungsten oxides was detected between the

alloy and the nonproteotive scale which caused alloy-induced acidic attack to

occur,
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To describe the hot corrosion attack of B-1900, results already presented

for Ni-Wr-6Al and Ni-8Cr-6A1-6Mo alloys can be used, Figure 35. The Ni-SCr-6A1

is attacked due to a basic fluxing process, Figure 27a, which eventually stops

when the Na2SO4 is not replenished, Figure 27b. The propagation mode of attack

of the Ni.SCr-6Ai-6Mo alloy ha. been shown to proceed due to alloy-induced

acidic fluxing, Figure 36. The processes which take place prior to the est-

ablishment of the alloy-induced acidic degradation of the Ni-8Cr-6AI-6Mo will

now be examined. To do this it in helpful to divide the degradation process

into the eight steps identified in the weight ohange versus time data presented

in Figure 35. For each of these steps specimens were examined motallographioally

and the water obtained by heating exposed speoimens in boiling water was

analyzed. The results obtained from these chemical analyses are presented in

Table II.

During steps 1 and 2 virtually all of the NaiSO• was recovered and a small

amount. of chromian and molybdenum had dissolved into the sulfate. The weight

change data, Figure 35, and metallographic results showed no hot corrosion

attack had occurred. Such results were in contrast to the results obtained

with the Ni-8Cr-6AI alloy) Figure 279a and it appears that the molybdenum has

inhibited the onset of attack via the basic fluxing mechanism.

At step 3 a significant amount of the sulfate component of the saIt has been

consumed and chromiump aluminum and molybdenum are present in the wash water

which now hu a substantially higher pHi Table IIX, and metallographic examination

shows that considerable hot corrosion attack has occurred, Figure 46a. A

degradation microstruoture very similar to that obtained with the Xi-SCr-i6A

alloy, Figure 27.a was obtained and microprobe analysis showed that the corrosion
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product was composed of partially sulfided nickel particles surrounded by a

Na28O1 melt containing aluminum, chromium and molybdenum$ Figure 46b. Such

results show that the !Ki-WCr-6Al-6Mo is being degraded by the xame mechanism

as the Ni-BCr-6AI alloy, namely, basic fluxing.

At step 4 the weight change versus time data exhibit a substantial

decrease in rate, Figure 35. The most significant results obtained from the

wash water analyses were that the amount of soluble aluminum decreased and the

pH became significantly more acidic, Table I1I. Typical microstruotures for

this step contained chromium sulfide particles in the alloy and an oxide scale

which was permeated with N&2 S04  and contained oxides of all the elements in

the alloy, Figure 46c, Microprobe analyses of such sections showed that in

the scale immediately adjacent to the alloy localized areas of molybdenum en-

riohment were present. These results show that during step 4 the oxides formed

during step 3 ar reacting with Na2SO4 and making it acidic, Since MoO3 has

a greater affinity for oxide ions than A10 3 , it converts the AIO " - ions to

A1203, hence the amount of water soluble aluminum is decreased,

In steps 5, 6, 7 and 8 the rate of attack gradually increases. The pH

of the wash water gradually becomes more acidic and the amount of soluble

molybdenum and nickel increases whereas the chromium and sulfate concentration

gradually decrease and the aluminum remains at very low values, Table III.

Metallographic examination reveals structures similar to Figure 4 6c but the

localized molybdenum enrichment becomes increasingly larger and more prevalent,

Figure 46d. During steps 5, 6, 7, 8 there is a gradual enrichment of MoO 3

in the Na2 SO4 and the attack rate increases as more of the surface is covered
with the MoO - Na2moo4 - NSO+ solution which causes degradation via the

acidic fluxing process described previously.
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The results obtained with the Ni-8Cr-6A1-6Mo are essentlally the a&

as those obtained by Fryburg et al T12). heme author., &a well as Goebel

at a&lmp, proposed that the attack of the B-1900 alloy took place by acidic

fluxing whereas Bornetein and DeCrencernte favored basic fluxing (. The

results obtained in the present study indicate that the initial atae"# of

degradation of B-1900 take place because of basic fluxing but the propagation

mode changes to acidic fluxing as the activity of MoO3 in the salt (i.e.

NaybO4 - Na',00 4 ) is increased to appropriate levels. 1•1s apparent that

substantial attack occurs at activities of MoO in the X significantly

loer than unity (e.g.o.l)(29).

The results obtained with 3N 738 show that hot corrosion degradation of

this alloy can occur because or alloy-induced acidic fluxing, It is apparent

however, that much longer Ames are required to induce this attack in IN 738

than in 3-1900, Figure 45. In the cue of B-1900, it was found that the Ni-

8Cr.6hA composition wan very susceptible to basic fluxing, Figures 1 and 26.

On the other hand, the Ni-16Cr-3.4Al composition is much more resistant to

basic fluxing) Figure 47. Hence, IN 738 is more resistant to the onset of

alloy-induced acidic fluxing than B-1900 because the chromium and aluminum

oczcxentrations of the IN 738 are resistant to buic fluxing degradation, which

is a precursor to acidic fluxing in both B-1900 and 3N 738. Another factor

favoring the longer times for hot corrosion attack via the acidic propagation

mode would be the lower concentration of refractory metals in the 33 738 com-

pared to B-1900.
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Since IN 738 was observed to eventually undergo hot corrosion via alloy-

induced acidic degradation, it would be expected +,hat a Ni-16Cr-3.4Al-l.M4o-

2.6W alloy would exhibit similar behavior. Weight change versus time data ob-

tained for Ni-l6Cr-3.•Al-l.75Mo-2.6W using conditions that produce hot corrosion

attack of IN 738 are presented in Figure 47. No severe attack took place.

When about 0.1% carbon was added to Ni-16Cr-3.4AI-I.75Mo-2.6W# substantial

hot corrosion attack of this alloy was observedp Figure 47. It appears that

carbon causes the effectiva chromium concentration of the alloy to be lowered

via the formation of oh-romium carbide) since an addition of 0.1% carbon to

Ni-16Cr-3.4Al also caused this alloy to become more susceptible to hot corrosion

attack. Hence, basic fluxing attack of Ni-16Cr-3.4Al-l.75Mo-2.6W can be

initiated more quickly when carbon iS present in this alloy and therefore oxides

of molybdenum and tungsten become available sooner to initiate the acidic

fluxing process. In order to compare the effect of chromium and carbon on the

hot corrosion resistance of IN 738 - type of alloys, specimens with a low

chromium concentration but no carbon and a high chromium concentration with

carbon were tested. It was observed that the alloy with low chromium and no

carbon was attacked, whereas the alloy with high chromium and carbon was not,

Figure 48. As proposed by Meier at al(34) the attack of carbide phases in

IN 738 can alsop by itself, be a means of adding molybdenum or tungsten to the

salt melt, since the carbide phases contain molybdenum and tungsten.

Preferential attack of carbide phases during the hot corrosion of alloys has

been observed(').
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A great variety of different fluxing effects can be observed when hot

corrosion attack induced by different salts (e.g. NCO3 , NN0 3 , etc.) ie

examined. his paper is concerned with Na S0 and Na2 B04 containing Na1.

Since molybdenum in alloys has been observed to react with Na2 804 to produce

Na2 Mo00, it is of value to oompa3re results obtainrd by oxidizing alloys coated

with deposits of Na 2 804 and Na2 Mo0. Such results obtained with the Ni-eCr-6A1

alloy are premented in Figure 49 which indicates that more severe attack of

the alloy took place with Na 50 than Na 2MoO4 . A substantial difference between

the vaporization of these deposits from the specimens was not observed. It is

believed that the different amounts of hot corrosion are due to the fact that

a substantial amount of oxide ions are produced as a result of sulfide formation

in the came of Na2 SO4 and these oxide ions cause hot corrosion attack. In the

NMoO4 there is not an equivalent means to produce oxide ions (oxide ions can be

produced in both N and via evaluation of 80 or moo ) because&N2804 Na2Mo04 vSO30 802 o3)

the Ni-Cr-"6A1 alloy does not react with the molybdenum in Na2MoO4 as it does

with the mulfur in the Nas,'. Hence, the attack induced initially by Na2MoO

probably proceeds by some mechanism such as that described in Figure 44p where

the ionic species responsible for the transport of metal away from the alloy

It-

surface can be postulated to be M02- and Mo5"

When experiments to compare the hot corrosion attack induced by Na2 '0 4

and Na2MoO4 were performed using Ni-aCr-6A1-6Mo, alloy-induced acidic fluxing

was observed sooner in the case of Na 2S0 4 than Na2 Mo004 Figure 50. Alloy-

induced, acidic fluxing hot corrosion attack of thin alloy is caused by

the accumulation of MoO3 in the salt deposit. It may, therefore, seem incnsmistent

that the attack is observed sooner with Na2 SO1 than Na2MoO4 deposits. Molybdenum
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must be supplied by the alloy, however, in the case of both deposits. Sodium

sulfate causes more of the alloy to be attacked initially than Va2 MoO4 and

more molybdenum oxide is developed initially in the case of the Na 2YO4 deposit.

After longer times, enough molybdenum is introduced into the Na MoO4 to produce

attack via the same propagation mode and the hot corrosion rates are similar, 1 -

Figure 50.

,B ,M!I Y• of Fluxing ,P•ooesse-4.

The various reactions by which hot corrosion via salt fluxing can occur

are summarized in Table IV. In this table, category A covers the basic processes

that occur due to the production of oxide ions in the NY.SOW, am a result

of removal of oxygen and sulfur from the Na2 80 by the alloy, The hot corrosion

attack may occur because of the solution of oxide in the Na 2Sso4 A(l), or

solution and precipitation A(2). In both cases, the attack is not self-

sustaining, but rather is controlled by the amount of Na284 unless the

gas phase contains 803. Category B covers the Rapp-Goto modal(24), where hot

corrosion attack does not require sulfur removal from the melt) but o~curs

because of a negative solubility gradient of the corrosion product in Na2 80 .. 4

Categories C, D, E and F cover acidic processes. C and D involve solution 4
and precipitation processes where the acidic component comes from the gas phase.

Category F is for the same type of procebses but the actdic component comes

from the alloy. Category Z covers the Rapp-Goto concept for acidic melts.

In this table, localized cell activity has not been considered. Coupling

between the various charged particles during Uiffauion is supposed to occur in such

a manner that electrical neutrality is maintained. It is possible, however,

that the anodic and cathodic reactions may take place at different sites re-
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sulting in development of potential differences. This condition possibly

results in growth of pits similar to those observed in aqueous corrosion(35).

However, in those cases where hot corrosion attack is localized as pits, the

portions of the surface which have not undergone hot corrosion attack are still

covered with protective oxide scales. Cathodic reactions closely similar to

those of aqueous reactions therefore do not seem possible.

Spit ComWonent-IBnduced Hot Corrosion

As a result of salt deposition, elements from the salt can be introduced

into the corrosion product or the surface regions of alloys and eventually

affect their oxidation behavior. A great variety of elements could produce

such an effect depending on the deposit composition. In the case of Na2S04

and NK&1 deposits, the significant elements are sulfur and chlorine. Another

element that can also be important is carbon since the environments that cause

hot corrosion attack usually result from the criibustion of some type of fuel.

Carbon may be formed therefore, on hardware during some phme of the combustion
ii'process.,I the following, the effects produced by each of the elemnt will

be cons idered,

"Sulfur-Induced Hot Corrosion

The oxygen pressure in Na2 SOh deposits at the alloy-=a.S04 or oxide-

Na2 SO interfaces can be very low, Figure 24a. For example, the microstructures

shown in Figiues 26c and 46b show that the oxygen pressure in the Na2SO4 at

the alloy interface is below that required to oxidize nickel. For 2uch low

oxygen pressures in Na2 O the sulfur pressure is usually high enough to form

sulfides of aluminum and chrciium, and in some cases even sulfides,ýof cobalt,

nickel and iron unless the 803 pressure is very low, Figure 25. Tle accumulation
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of these sulfides in the alloy can result in substantial degradation during

subsequent oxidation. For example, in Figure 51, weight change versus time data

obtained for a Na 2 SO -coated specimen is compared to that of a presulfidized

specimen where the amount of sulfur added to the alloy was controlled to equal

the amount of sulfur in each application of the Na 2 804 . The degradation of

the presulfidized specimen is about the same as that for the Na2SO 4 - coated

specimen and both are degraded substantially more than the specimen with no

sulfidizing pretreatment nor Na 2 SO application. This shows that the primary

mode of hot corrosion degradation for Na.S 0 4 - coated specimens of Ni-25Cr-6Al

exposed at IO000C in air is sulfur-induced degradation.

Some alloys are much more susceptible to sulfur-induced hot corrosion

degradation than others. For example, the Co-25Cr-6A1 alloy is much more

resistant to this type of attack than Ni-25Cr-6A1, Figure 52. The greater

susceptibility of the nickel-base alloys to sulfur-induced attack is generally

observed only when aluminum is present in the alloys, Figure 53. It appears

that nickel base alloys with aluminum contents between 6 to 12 weight percent,

are relatively resistant to this attack and that degradation

takes place after the aluminum has been reduced by oxide spallation in a

cyclic test, Figure 3.

Sulfur-induced hot corrosion causes accelerated oxidation as a result of the

formation of less protective oxide scales. Such scales are formed due to the

presence of sulfides in the alloys. Sulfur-induced accelerated oxidation is

also observed during the oxidation of alloys in SO2-02 or H2S-I20-H2 gas mix-

turesa where the sulfide formation occurs, due to sulfur in the gas rather

than from the sulfur in the Na 2 So0. Sulfide formation in alloys, as a result
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of sulfur in the gas or in deposits on the surfaces of alloys, can cause the

formation of nonprotective oxide barriers on alloys by at least three different

mechanisms. In one mechanism the oxidation of aluminum and chromium dissolved

in nickel or cobalt sulfide results in the formation of discontinuous particles

of A1 2 03 or Cr2 03 rather than continuous, protective layers, Figure 54a and b.

Another mechanism involves the formation of nonprotective oxides during the

conversion of certain sulfides to oxides, Figure 54c and d. The smaller volume

of the oxide compared to the sulfide may cause the oxide to be subjected to

tensile stresses. The third mechanism by which nonprotective oxides are

formed involves effects produced by internal sulfides on the selective oxidation

process. When sulfur diffuses into the surfaces of alloys, it usually reacts

with the same elements that are diffusing to the surfaces of alloys to combine

with oxygen to form continuous oxide barriers. The formation of such sulfides

appears to cause the flux of the elements being selectively oxidized to be de-

oreased. This condition develops even though the sulfide particles usually

dissolve and release the metal to react with oxygen. The metal in solution in

the alloy is apparently more suitable for selective oxidation than a dispersion

of metal sulfides in the alloy. At any rate, the decrease in the flux of such

elements to the surfaces of alloys can result in the formation of oxide scales

which are less protective than those that would have formed in the absence of

the sulfide precipitates.

Chloride-Induced Hot Corrosion

"There is a substantial amount of data available(14) which show that

extremely small concentrations of LaCl (e.g. 3-5 ppm) in deposits on the

surfaces of alloys or in the gas phase cause the oxide scales to spall more
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profusely when subjected to growth-induced and thermally-induced stresses.

The mechanism by which the scale adhesion is decreased is not understood.

It has been found that chloride ions tend to concentrate at the oxide-alloy

(37)interface )

While the adverse effect produced by NaC1 or chloride ion on oxide

scale adhesion is a very significant factor in many instances of hot corrosion

attack, somewhat larger corcentrations of chloride (e.g.,. I weight percent and

above) can influence hot corrosion attack by still another process. In

Figure 14, the hot corrosion attack of a CoCzAlY-ooating at 900*C in air with

deposits of Na2 SO4 , Na2 80•-5% NSO and Na2 S0 4 -90% Nal is compared. It is

apparent that the severity of the attack increases as the amount of NaCl in the

deposit is increased.

It has been observed that rather unique microstruotural features are

developed when chloride ion is present at concentrations sufficient to in-

fluence hot corrosion by a mechanism other than by decreasing oxide scale

adhesion. As shown in Figure 55, the corrosion product contains a zone of

particulates and voids in advance of the external scale. Microprobe analyses

have shown that the zone immediately beneath the external scale appears to be

predominantly Al2 03 particles, Figure 55b and c. Aluminum but not oxygen was

detected in the zone immediately adjacent to the unaffected alloy, Figure 559

and f. Chlorine was also detected in these more interior regions of the zone

of internal attack. All of the aluminum had been removed from the alloy in

the zone of internal attack and a steep gradient in chromium was detected

between the unaffected alloy and the external scale. The inner part of the

external scale contained oxides of aluminum and chromium and the outer part

SIII
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was more rich in cobalt, A detailed examination of the zones of internal

attack, Figure 56a, showed that pores extended through these zones, Figure

56b and c. These pores often could be associated with the ý-CaAl phase

in the CoCrAlY, Figure %6d, but they did not have the exact shape of this

phase.

Nickel and cobalt alloys containing chromum but no aluminum are also

more severely attacked by Na 260 4-NaCl mixtures than pure Na2 S0 4 . Data

is presented in Figure 57 to show the effect of N601 in N&2SO4 for the

cyclic hot corrooion of Ni-25Cr-6AI and Ni-300r specimens. The exact

degradation microstructure that is developed depends upon the alloy composition

and the amount of NaCl in the Na2 O4. The end result, however, appears to

be generally the same, namely, when chloride is present in the deposit the

oxidation of the elements that usually result in continuous and protective

oxide barriers occurs in such a. manner that these oxides are formed as dis-

continuous particles, Figure 58.

The mechanism by which chloride causes more rapid consumption of the

elements (i.e. Al and Or) that usually confer oxidation resistance in alloyn.

appears to involve the formation of chloride phases. In view of the greater

stability of oxides and sulfides compared to chlorides, the salt must become

deficient in oxygen and sulfur before chloride phases may be expected. Hence,

the following sequence of rections can be hypothesized.

itPo2' Ps32, ~

(1) (NR2S04-NW6l)lq. AlCrallo 3 3

S9 I
PO 20 PF 2Pie(NY'2 04'i al)iq.2

where <yPO2 <PpSp 1 >pa 1

j2 021P- 282 2 ýC %
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(2) NaCi + 2A1 (alloy) + 02 NaAl0 2 + AlC1

(3)÷ 2 3 "22
(3) el 2 2A~ll• -Ala+l 2

Equation (1) and Figure 59a show that the melt adjacent to the alloy con bse.me

enriched in N&lC due to oxide and sulfide formation. In localized areas, the

NCl component of the Na2SO4 - NaCl melt may then begin to react with certain

components in the alloy as proposed by Equation (2). This reaction takes

place first with elements for which the thermodynemic conditions are most

favorable. For examplep reaction with aluminum is observed before chromium

but chromium does react when the aluminum concentration has been reduced. As

the metallic chloride moves outward through the melt, oxygen pressures are

encountered for which the metallic chloride in converted to a metallic oxide,

Equation (3) and Figure 59b, and the chlorine is recycled to react with .1
elements in the alloy, Equation (4). Continuation of this process, results

in the development of pores that are coated with discontinuous) nonprotective

oxide particles, Figure 59c. The pores have been observed to grow extremely

rapid at temperatures as low as 650*C. Strikingly similar structures have been

observed at much lower temperatures as a result of aqueous corrosion .

In these cases, pore growth via the preferential removal of an element is
A

accounted for by surface diffusion of those elements not reacting with

the liquid, or by their solution into the liquid followed by subsequent

precipitation on the sides of the pore as indicated in Figure 59d. Such

effects would account for the development of pores associated with phases

riuh in aluminum, or chromium, but not having their exact shapes. As the

-i
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process of pore development continues chloride is gradually lost to the gas

phase. The time at which the chloride concentration becomes insufficient

to react with the alloy depends on temperature, malt composition, gSa

composition and alloy composition. When such a condition in reached the

innermost portions of the pores begin to react with sulfur and the degradation

process proceeds via Na 2 SO 4 - induced hot corrosion, Figure 59e. The

presence of chloride, however, has caused the alloy to become depleted of

aluminum and/or chromium, and the sutf'ace area of the alloy available for

reaction with the Na2 SO4 has been increased due to the formation of pores.

Cabon-Induced Effects During Hot Corrosion

In prootmess involving combustion, it is not uncounon to have carbon

deposited on materials. Moreover, hardware can become covered with unburned

fuel and subsequent combustion will result in very low oxygen pressures over

the alloy in the vicinity of the excess fuel. The reduced oxygen pressure

due to the presence of carbon or excess fuel causes metals and alloys to

,p ' become more susceptible to effects produced by other components in the I
environment (e.g. sulfur, carbon, nitrogen). This condition in especially

obvious when salt is also present on the alloy surface. For example,

specimens of Ni-16Cr-3.4l were not substantially degraded after 8 hours

exposure at 1000C in air when coated with N&2 80 4 , Figure 60&, or immersed

in an a-AI20 3 crucible filled with carbon, Figure 60b. However, the sulfur

from the Na2 SO• and the carbon did cause a more pronounced transient period

of initial oxidation since an extremely thin scale is usually formed on
this alloy during exposure to air at 1000C without Na2 SO4 or carbon. The

attack of this alloy is substantially increased whenever Na 2 O84 - coated

.15 I5
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specimens are immersed in c-Al20 crucibles containing carbon or liquid fuel,1203
Figure 60o and d. Similar effects will be observed for virtually all alloys

but the magnitude of the effect and the dominant microstructural features

depend upon the particular alloy's compositionp the composition of the saltp

temperature and the type. of environment developed over the alloy surface

by the burning oarbon or fuel where this latter parameter changes with time.

The influence of carbon on the Na 2 S0 4 - induced hot corrosion of alloys

has been studied previously•3) . It in rather apparent that an excess of

carbon or unburned fuel causes the oxygen pressure over the alloy to be sub-

stantially reduced and elements in the alloy therefore react with the sulfur

in the N a2 So 4 . Since sulfur is removed from the Na2 S0 4 , oxide ions are pro-

duced. Hence, the mechanisms of hot corrosion attack which are influenced

by the reducing conditions are the basic fluxing and sulfur-induced pro-

pagation modes. An example is presented in Figure 61 to show that reducing

conditions resulted in the hot corrosion attack of a CMrA1Y coating alloy

via a sulfur-induced propagation mode. This coating is not significantly

attacked by N&a28O4 in air, Figure 38a& but substantial attack is observed

by periodically exposing Na2 S04 - coated specimens to excess fuel, Figure 61a.*

Examination of such specimens shows that the attack occurs by the formation of

sulfides in the coating,' Figure 61b, which are subsequently oxidized as the

oxygen increases after combustion of the fuel) Figure 61c. Depending upon the

combustion cycle, the sequence of sulfidizing-oxidiuing conditions can be

* The excess fuel test consisted of adding 5 ml of #. diesel fuel to a platinum

or an alumina crucible and suspending the Na2 SO 4 - coated s~ecimen at the top

of this crucible. The crucible was then placed in a box furnace at 13000 for

30 sec. to 1 min. After this exposure the crucible was placed in a box furnace

at 7000C for about 10 hrs. This procedure, which constituted one cycle, was

repeated until attack of the specimen was evident by visual examination.

i
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rapid enough that little evidence of the oxidized sulfide particles is

apparent, Figure 61d. In fact, it is probably best not to assume that much

attack, Figure 61d, is indeed caused by sequential sulfidation-oxidation.

While sequential variations in the oxygen pressure of the gas (i.e.

reducing - oxidizing cycles) favors hot corrosion attack via basic fluxing

and sulfur-induced propagation nodems such conditions can also influence

hot corrosion attack via other propagation modes. The 3W 738 alloyowhen

coated with Na2SO4 and exposed to air at 1000C, eventually undergoes very

severe attack via the alloy-induoed acidic fluxing propagation mode but long

exposure times are necessaryr before this attack occurs, Figure 45. When this

alloy is coated with Na&200 and heated at 10000C very little attack is

evident after I hr., Figure 62a. Exposure to an excess of burning fuel at

the same temperature but with no Na2SO also does not caule substantial attack,

Figure 62b. When Nea2SO - coated specimens are exposed to excess burning

fuel, the features typical of acidic fluxing degradation are observed after

exposure times as short as one hour) Figure 61o. The reducing conditions

probably cause the attack to be initiated via the basic fluxing and sulfur-

induced degradation modem. The attack then cause. the molybdenum and tungsten

"4 in this alloy to be concentrated in the malt at the alloy-scale interface and

attack by afloy-induced acidic fMixing becomes dominating.

Hot corrosion attack induced by chlorides, a described in Figure 59pin

especially effective when the oxygen pressure at the salt-alloy interface is

low. Such attack is therefore greatly enhanced when in combination with carbon

* 'deposits or excess fuel.
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Interaction Between the Various Hot Corrosion Pro2 ation Modes

Previouslyv, the interaction between basic fluxing and alloy-induced

acidic fluxing was discussed. It was shown that for environments consisting

of oxygen and Nw.2 04p the basic fluxing propagation mode preceeded the alloy-

induced acidic fluxing propagation mode, In fact, as a result of basic

fluxing, the alloy-induced acidic attack was observed sooner. Interaction

between the various propagation modes for N&SO4 induced hot corrosion

attack is quite ocamon. One particular degradation mode may be dominant

for short exposure periods end another after very long exponure., or the

dominant modes may change with temperature. Hence, in attempting to identify

the alloys which are degraded via particular propagation modes theme inter-

actions must be taken into consideration.

Basic fluxing and sulfur-induced degradation are two propagation modes

that are often followed in sequence with the basic fluxing mode proceeding

the sulfidation mode, Such a situation arises since the basic fluxing mode

requires oxide ions, and sulfur formation in the metal or alloy is a means of

producing oxide ions. Eventually, the accumulation of sulfides in the alloy

can result in degradation via the oxidation of these sulfides. It must be

noted, at this point, that there are some alloys which are degraded much more

severely by one particular propagation mode, even though two modes may have

been operative sequentially. Nickel- and cobalt-base alloys containing

more than 20% chromium and no aluminum are not substantially degraded by

basic fluxing and the significant propagation mode for alloys with no re-

fractory motals is sulfidation, Figure 54c and d. On the other hand, the

Na2So4-induoed hot corrosion of nickel and cobalt via basic fluxing is sign-

.. ....
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ificant in comparison to the oxidation of the sulfides formed in these metals,

Figure 29.

Gas induced acidic luxing and sulfidation degradation are propagation

modes whose dominance can change with temp. For example, SO3-induced

acidic fluxing requires a supply of SO3 to be furnished from the gas.

Consequently, the sulfur pressure In the Na2 SO deposit becomes quite high

as oxygen is removed from it by the alloy. At low temperatures (e.g. 6000-

7500C), the gas induced acidic fluxing process can be ext.remely rapid and

sulfide formation in the alloy is therefore, often negligibly small, Figure

40. The amount of sulfide forat ion progressively Increases with temperature,

however," since the thermody emic conditions become less favorable for the 803-

induced fluxing process and sulfur diffusion into the alloy becomes more pro-

nounced. At temperatures of 1000(C excessive samunts of sulfides can be formed

and their sub'sequent o:.",.,o, can result in severe degradation, Figure 51.

Alloy-induced acidic fltxing is usually preceded by same other propagation

modes since molybdenum or tungsten from the alloy mut be oxidized and added

as oxides to the salt deposit. The most comm propagation modes to precede

alloy induced acidic fluxing are basic fluxing and sulfidaticn. Since these

two modes are favored by high temperatures, alloy Induced acidic fluxing is

often observed at temperatures above 900C.

Chloride-induced degradation can precede any of the propagation modes

described in this paper. Chloride induced attack preceding another propagation

mode will normally be observed with alloys that are resistant to degradation,

and the chloride-induced attack will produce depletion of elements to levels

at which the other propagation modes can become dominant, Figure 58. Carbon-
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induced effects are not mechanisms by themselves but do cause conditions

to be established (e.g. low oxygen pressures) that can result in the onset

of degradation via a propagation mode much sooner than what would have

occurred without any carbon.

Even though the hot corrosion propagation modes affect each other and

this interaction depends on temperature) it is of value to attempt to

describe the alloys which are the most susceptible and most resistant to

attack via each of the propagation modes. In Figure 63, alloys which are

susceptible or resistant to the various propagation modes are identified#

and techniques to inhibit the attack are presented. In this Figure, the

influence of environment is indicated by progression from gases with no

so3) where basic fluxing would be favored, to games with increasing amounts

of 803 where gas-induced acidic fluxing could be expected. Sulfur-induced

degradation and alloy-induced acidic attack can occur in gases with or

without SO3, and these two propagation modes are thereforeo contained in

the interior of the diagram, The effects produced by chloride and carbon

are included in this diagram by considering their influence on the other

propagation modes. This is a reasonable approach for carbon, since it has

been found that carbon effects manifest themselves through changes produced

in the oxygen and sulfur pressures in Na So. A similar condition is not

true for the chloride-induced effects because the presence of chlorine

can result in hot corrosion attack by a distinct propagation mode, Figure

59, Such effects, however, do cause depletion of certain elements from

alloys, and one of the other propagation modes therefore, usually follows the

chloride-induced propagation mode.
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The retals and alloys which are suceptible to baic fluxing are nickel,

cobalt (Figure 29), Ni..AA and Co-Al alloys which are A1 2 03 -formers (Figure i 4 ),

and Ni-Cr-Al alloys with chromium and aluminum ocuoentrations below that re-

required to form external scales of Cr2O3 or A1.0 (Figures 26 and 27). The

most effective procedure to inhibit basic fluxing is to increase the chromium

content of the alloys. At low chromium concentrations, ohr•mia reacts with the

oxide ions in the N&2 804 rather than NiO or CoO. Hence, protective scales of

these latter oxides are formed end grow to thicknesses for which oxide ion

production in the N%2 804 is not significant. At higher chromium concentrationsp

where continuous 0r1O3 is formed on alloys, these chromia scales are not as

susceptible to solution and reprecipitation from the Na2SO4 as A203 appears

to be in the absence of chromium. Chromia scales are therefore, very effective

barriers to basic fluxing. Since basic fluxing requires that an oxygen gradient

be developed across the Na2 SO4) the formation of oxide scales that grow slowly

and consume as little oxygen as possible is an effective means to combat

basic fluxing. The addition of chromium and aluminum to alloys results in

improved resistance to basic fluxing providing, continuous barriers of A
1203

or Cr2 03 are formed. When the concentrations of these elements are less then

that required to form such scales, it is best not to have any aluminum in
the nickel-base alloys, because, under such oonditions, large amounts of

sulfur are removed from the N 804 along with ooncomitant oxide ion production.

Chloride in Na&2 04 deposits causes basic fluxing effects to be observed sooner
I" ~by depleting the alloy of Lluminum and chromium. Thin layers of platinum )

on the surfaces of alloys have been found to be effective in inhibiting such

chloride-induced effects (0). Carbon causes basic fluxing to be observed sooner

.61-
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due to the reduced oxygen pressures which develop as a result of its

presence.

The oxidation resistance of virtually all alloys deteriorates when

sulfur is present to the extent that sulfide phases exist within the alloys.

£Iiokul-base alloys containing between I to 6% aluminum are extremely II
susceptible to this type of hot corrosion attack, Figure 5. Such attack

can be inhibited by increasing the aluminum concentration beyond six percent

and/or replacing nickel with cobalt. Increased chromium concentrations are

a very effective means to inhibit degradation via Bulfidation. Chromium

combines with sulfur to form sulfides with relatively high melting points. .1

At high (e.g. ~20% and greater) alloy chromium concentrationa, protective

Cr203 scales are uftan formed on theme sulfides. The chromium concentration

should not be so high, however, that the a-Cr phase becomes stable. Even i I
when less protective oxides are formed on the sulfide phuaes, the degradation

rate in still significantly less than that of similar nickel-base alloys

containing aluminum, Figure 9. Chloride induced degradation results in

accelerated depletion of aluminum and chromium from alloys, and therefore,

the presence of chloride in deposits causes mulfidation degradation to be

observed after shorter exposure times) Figure 58. The introduction of' sulfur

into the alloy from the Na 2 80 4 is favored by low oxygen pressures, Figure

24, and hence, caroon in deposits hastens the onset of hot corrosion degradation

via the sulfidation propagation mode.

Alloy-induced acidic fluxing results from the accumulation of oxides such

as MoO03 W03 or V2 05 in salt deposits on alloys. Cuceptible alloys are

therefore, those with high concentrations of such elements (e.g. NX-188), or
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alloys with smaller concentrations of these elements but with ccmpositioas

that permit severe attack of the alloys by one of the other hot corrosion

, propagation modes (e.g. B-1900, WI 52). This form of hot corrosion attack

can be inhibited by decreasing the coacentrations of the refractory elements,

molybdenum, tungsten and vanadium. It is not certain whether columbium

causes effects similar to these three ele*ents. Tantalum doe. not, and

therefore, appears to be a reasonable replacement for Mo, W WAd V in alloys.

Modifications to inhibit the oxidation of the Me or W in alloys is an

effective means to inhibit alloy-induced acidic attack. Increased chromium

concentrations have ý-en used to achieve much a condition, Figure 33 (eeg.

IN 738, HA-188). A. usual, chloride and carbon in deposits cause alloy-

induced effects to be cbservad uconer, Figure 62.

All alloys can be atteaked via gas phase-induced acidic fluxing depending

upon the 803 pressure and the temperature, Silica and ohramia scales

on alloys appear to be the most resistant to degradation via this mode but

even barriers of theae oxides can be destroyed at sufficiently high SO3

* pressures. Nevertheless., increased chromium and milinon concentrations do

appear to be a means of inhibiting th6 attack of alloys by g&a Vhase

induced attack. At low temperatures (e.g. o 7001C), this attack is only

s severe when the malt deposit is a liquid. In the came of Na2SO 4 deposits,

a liquid phase usually is developed much sooner on cobalt-base rather than

-, nickel.base systems. A detailed examination is required of the effects

of chloride and carbon on gas phase-induced hot corrosion. At presentp it

appears as though both of theme factors will cause the attack to be initiated
sooner, but they may not have a substantial effect on the rate of this pro-

pagation mode after it has been initiated.
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SU.MARY AND CONCLUDING MARKS

There is no question but that the hot corrosion of multicomponent alloys can

be a very complex phenomenon. Nevertheless, progress is being made on under-

standing hot corrosion. For continued progress, it is necessary to look upon

hot corrosion as being composed of an initiation and a propagation stage. During

the initiation stage, the alloy is being preconditioned by the salt or ash

deposit and the gas environment to degrade via a particular propagation mode.

The effects produced by different elements, on the hot corrosion process should

be qualified as to whether the effect occurs in the initiation stage or the

propagation stage, and if in the propagation stage, for which propagation

mode. The problems that have resulted due to a lack of unification of the

hot corrosion process are presented as follows:

I It has been stated that cobalt base alloys are more

resistant to hot corrosion attack than nickel-base alloys.

Such a condition is true only for the basic fluxing - sulfidation

propagation modes and then only for alloys containing aluminum.

e Some controversy exists as to whether molybdenum and other similar

elements, such as W and V, produce beneficial or deleterious

effects on the hot corrosion process. This element inhibits basic

fluxing effects but causes alloy-induced acidic fluxing. Hence,

depending on the propagation mode, it can produce either beneficial

or deleterious effects.

• Aluminum has been reported to produce either beneficial or

deleterious effects on hot corrosion and this is true. The

addition of 1 to 6% aluminum to a nickel chromium alloy greatly
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decreases its resistance tu attack via the basic fluxing and

sulfidation modes. On the other hand the addition of aluminum

to Co-Cr ur Fe-Cr alloys, or to Ni-Cr alloys at levels above

10, produces increased resistance to degradation via these pro-

pagat ion modes.

o Hot corrosion attack of materials has been given the misnomer,

"eulfidation." One of the propagation modes is indeed sulfidation.

Hence, sulfidation is a type .of hot corrosion, but all hot

corrosion does not necessarily occur via sulfidation.

9 A number of explanations have been used to account for the beneficial

effects of chromium on the hot corrosion process. However, all of

the propagation modes are less effective as the chromium concentration

is increased. Hence, indeed, there should be a number of different

explanations to account for the effects produced by chromium.

Other elements of significance in hot corrosion attack are: Ta$ Ti, Cb,

Si, Mn, Zr, B, Cu, P, Zn and Pb. At present, sufficient, data on the effectsI produced by these elements are not available to make any meaningfui comments.

It is important to emphasize that future investigations directed toward

examining the effects of these elements on the hot corrosion process should

be mindful that hot corrosion occurs via different propagation modes, and

hence the effects attributed to given elements must also be associated with

• •,,•. specific propagation modes.
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Table II

Analyses of Wash Water from
Ni-8Cr-6A1 Speolmens With

Na2 804 Deposits After Exposure at 1000C
in Air for Different Times

Tim Remaining Cr Al Ni
(Min.) Na S042-(g __

1 100 100 <20 40 <5 6.4

2 100 71 50 260 <5 7.9

10 74 29 420 260 <5 8.1.

30 72 19 1310 200 <5 8.0

* pH of water prior to use was 5.4.
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Table III

Analyse. of Wash Water from
Ni-80r-6AI-6Mo Spolmenq

With NaOL Deposits After mxpoore
at 100010 in Air for DiffTrent Timsm

Step
(see Tim % Remainirx. Cr Al Ni Ho ,

1 7 100 97 32 <5 7.5 <6 6.4
2 19 100 100 45 <5 7.5 15 5.8
3 2 93 38 175 143 7.7 900 7.8
3 40 93 27 240 116 7 1100 7.9
4 9 100 67 140 9 7.5 1080 5.9
4 15 100 72 125 <5 92 1150 5.8
5 82 100 72 260 <5 172 2950 5.7
6 336 100 18 102 <5 610 3880 5.3
7 303 99 11 125 <5 900 4250 5.2
8 218 98 22 1o90 415o 5.1

* pH of water prior to uae was 5.4.
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Figure 1. Weigbt change versus time data for the hot corrosion attack of
Ni-8Cr-6A1 specimens with different amounts of Na SOL. The amount of do-
gradation increases as the amount of the depositals ncruased.
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TRANSITION SPECIMEN
BURNER DUCT HOLDER

PRIMARY SECONDARY SPECIMEN
SECTION SECION COOLING

INSTRUMENT INSTRUMENT AIR IN

SALT- - OLLAR COLLAR ~ -

SALT - -J ,.-. . .

'INJECTION LINER

FUEL-

. J

S,, ,, - F - rTHERMOCOUPLE
PRIMARY PARECTIC SECONDARY SECOND S IMN ALLOY

AIR IJCTO AIR PARTICLE SPECIMEN TEST

INJECTION ENCLOSURE SPECIMENR
$ECTION RING

Figure 2, Schematic diagram of dynamic combustor used in the h~ot

near the fuel nozzle. Part iculates cou.ld be injected into the burner

at the instrument collars to introduce an erosive component into the hot
corrosion test.
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Figure 4. Weight change versus time data for the isothermal hot corrosion

of a Co-25A1 alloy. The data indicate that the Na SO4-induced corrosion

consists of an initial stage over which the attack is not severe and a

subsequent stage that involves substantially more attack. In an isothermal

test with a fixed amount of salt, the hot corrosion attack can eventually

subside.



'I4
0q

~;.: jo

4 E 4l

.1~04



10IFto 4)
eW -71

LO at

I Ito
104*i

pil

p~0
V 4.1

V/iWi



ca

VNMI C. I li
ac

=c
06 Er . = Sam

0 .2 -o
'S' 'o

~~404110



I..

HOT CORROSION CHRONOLOGY
Initiation stagei]

Important factors
• leyr419 taepelltwn

Salt deposit S Gal toMP.IitA Iweoty

reaction product barrier 0 .lt ,.iotl.t°

* Coetditl" of sat
Tqmperalve cydo

P rpcmtl~efte y

* I.ll t l

Propagation stage

Lesser protective Li
reaction product

Figure 8. Schematic diagram to illustrate the conditions that develop
during the initiation ezd propagation of hot corrosion attack and to

(!, identify the factors that determine the time at which the transition
from the initiation stage to the propagation stage occurs.
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Figure 9. Weight change veruua time data for the cyclic hot corrousion
of Ni-3OCr and Ni-30Cr-6A1 specimena. The aluminum initially causem

Sthe Ni-30Cr-6A1 to be more resistant than Ni-3OCr, but after longer
times it causes more severe attack.
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ISOTHERMAL HOT CORROSION
1000C - N42 304 - STATIC AIRT H IC K M E L T 
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HICKS I m m e r s io n I n I II "
(C with -B H20

A NI " rU4 AI
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V. Figure 10. Weight change versus time data showing that, increased
chromium concentration in Ni-Cr-Al alloys extend. the initiation stage
for hot corrosion attack induced by large deposits of Na 2 5O4 in air.
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Figure 11. Comparison of weight change versus time data for cyclic
: ~ ~ hot corros ion of a NirAlY alloy in two fabrication conditions. A

protective barrier or Al,ýO is formed on the vapor deposited alloy
but oxides other than Al- have been formed on the as cast al1loy

E,~ll and it is in the propagia~in oatge of degradation as evidenced by the

lar'ger weight changes..
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-- •'1 Figure 12. Weight change vetnus tilne data obtained for the isothermnal ,
•!} ' hot corromion of Co~rAIY coated flN 792. Hot corrosion was induced by ,
_•, uming Na S0O depouita (~ 1 mag/om2 ). In one experiment a Na2,SO -•0. mole
2•i• percent •S•deposit war uued to obtain a liq~uid deposit a• ti~e teat :

•N.," temperature. The gain was flowing oxygen except in one experiment where •
en B02-O2 gas mixture •au panmed over a platinum catalyst to develop

,•.an 503 pressure of 1-g arm during the firut 2.9 hrn. of the experiment. L ,
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5mg/cm2 Na 2 SO4ii: 810000C
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Figure 13. Weight change versus time data obtained for the isothermal
hot corrosion of a Ni-8Cr-6AI-6Mo alloy in static air and in oxygen
having a linea, flow rate of 31 cm per sea.
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Figure 15. Surface and microstructural features developdd for Ni-8Cr-
""6A1-Mo specimens after exposure at 1000C in air to thin (a, 5 m,
7 minutes exposure) and thick melts (b, 1 I cm, 4 minutes exposure) of
Ne2 SO,. Attack with the thin deposit was evident visually after lessa tha minute and usually spread laterally over the surface from the

Y,; • !a point of mintn the thick malt howed no attack•' I after 4 minutes.



HOT CORROSION AND EROSION-CORROSION OF X.40

0 BASELINE

so.•u I2j

-SO.

-120

-160 S 6 40 t

TIM94hrs)

e.: Figure 16. Weight change versus time curves for X-40 specimens (Co-25.3Cr-
C 10. 5Ni-7.5W-0. 5c) exposed in a high velocity burner rig (gas velocity 180

rn/;) at 8710C (16006F) to hot corrosion conditions (baseline conditions:
Na2S0-22 weight percent K~,80 4 deposited at 0.053 mg/cm2-hr) aid erosion-hot

-4S)

corrosion conditions (baseoine conditions Plus 300 pri of oxides having
indicated average particle sizes). The 0.03 hm Al203 particles deposited
on the leading edges of specimens.
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Figure 17. Weight change versus time data for the cyclic hot corrosion
in air of Ni-3OCr-6A1 specimens using Na SO, deposits applied every 20 hrs;
at 10000C the initiation stage for hot cgrr6sion in less than 100 hrs.
whereas at 900°C it is greater than 300 hrs.
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Figure 18. Weight change versus time data fgr the hot corrosion attack
of a CoCrAlY coating on 3N 738 using 3. mg/cm Na0 SO)4 deposits and S02/02
gas mixtures. When the S0 -0§ ratios were adjust ed to give the same S03pressure, more attack occu3re at the lower temerat.ire, When the sa|e

ratio was used at both l emperaturese a lower 803 pressure was developed
at the higher temperature.
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EROSION
HOT CORROSION HOT CORROSION

Ilk,

Figure 20. Scanning micrographs canparing features of oxide scales
(oxide-gas interface) formed on IN 738 after exposure in a burner rig at
87100 to hot corrosion (0.05 mg/cm2-hr Na SO -22 w/o K$OS) and erosion-
hot corrosion (0.05 mg/cm2 -hr Na2 SO1 -22 w~o ISO) and O00ppm 2.5 m04
A1 2 0• particles at 180 m/s). The erosive component has removed much of
the porous oxide that is normally developed on this alloy during hot
corrosion attack. ¾1
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Figure 21. S3canning and microstructural photomiicrographs of an IN 738
specimen that was exposed to erosion-corrosion conditions (described in
Figure 20); large craters on the specimen surface (white arrows) arm
believed to be formed because of dislodgement of oxides and alloy (black

arrows) by impacting particles.
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Figure 22. Photograph of the surface of a Co-250r-6.A2 specimen after
400 cycles at 1000'0 in 1 atm of oxygen with 5 mg/cm2 Na ,S0j4 applied to
specimen every 20 hrs; the hot corrosion attack initiated at- the
edge of this specimen.
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Figure 23. Schematic diagram to illustrate the three general
"categories of protective scale breakdown to a lesser protective reaotics
product when a salt deposit in present during the corrosion process.
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Figure 24. Schematic stability diagram for Na-S-O system, (a), depicting
the types of compositional variations that can be deteloped across a
layer of NV2 BO4 on an alloy (b).
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Figure 25. Stability diagram to illustrate the phases of nickel (-"),
aluminum (....) and chroium (xxx) which can exist in a N.BO4 layer on
a Ni-Cr-Al alloy. The Na 80h region is bounded by N&2 0 ana NA2 S and
indicated by solid strai~t- iines. *In Naý80 of the composition( p, NiO

• -, will dissolve making the NaOS04 more bani• w1ere 0 A1O• will not react
with the melt. In No.S 0 o the composition e, Al.O will dissolve
making the melt more riic while Cr2O3 will not r Ot.
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Figure 27. Microstructural photomicrographs showing features of Ni-8Cr-6AI
specimens after exposure at 1000'C in air to 5 mg/cm2 Na2 S04 for 2 minutes,
(a), and 1 hr, (b). Degradation via basic fluxing is evident after two
minutes, (a), but the Na 14S04 becomes consumed after 1 hr, hence the rapid
attack ceases and the microstructure no longer exhibits the basic fluxing

features, (b).
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Figure 29. During the oxidation o aS~cae oatseiesa
1000C n ar, uddes f N 2S 4 (whiti arrows) are formed in which

particles of oxide (black arrows) were suspended (a, 30 sec). The oxide
beneath these puddles of Na,,S 04contained deep depressions and small
holes at oxide grain boundar-ies (b, 30 sec). The oxide scale was com-
posed of layers and sulfide could be detected in the metal adjacent to
the scale, (c and d, 3 min).
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Figure 30. Schematic model illustrating the sequential steps in the
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O 10 WATER WAINH/

*UFORK
0 -AFTER
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*Ii Figure 31. Weight change versus time data to compare the hot corrosion

attack of Co-25AI and Co-25A1-12W alloy.. Preannealing of the Na2S04-
coated specimens of Co-25A1-12W for I hour at 100060 in dry argon ( >date

'points) greatly reduced the time required to initiate hot corrosion attack.

Data for oxidation without Na2 SO4 was about the some for both alloys,,
Figure 4.
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Figure 32. Microstructural photomicrographs and microprobe images of a
Co-25Al-12W alloy specimen after 20 hrs. of oxidation in 1 atm of oxygen at
1O00000. Prior to oxidation the specimen was coated with 5 mg/cm2 Na SO•

and annealed for 1 hr. in argon at lO000°C. Weight chanuge data for ti
specimen are presenbed in Figure 31. (a) Optical micrograph showing

overall scale thickness. (b) and (c) Optical mic~rograph and electron
backscatter image, respectively, of scale-alloy interface. (d) Tungsten
X-ray image showing that tungsten is enriched in the oxide scale at the

alloy-sc ale interface.
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Figure 34. Comparison of cyclic hot, corrosion data for specimens ofCo-25Cr-12W and Ni-25r-A2W. Both alloys were severely degraded via
hot corrosion.
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Figure 35. Comrparison of the isothermal hot corrosion of Na 8 0h
A ~~coated Ni-BCr-6A1 and Ni-SCr-A6o loy;btaloys havi uildergone

hot corrosion attack. Degradation imicrostructures for Ni-8Cr-6A1 are
presented in Figure 27. The circled numbers in the Figure identity
various stages during tehtcorrosion of the Ni-BCr-6AI-6Mo "and ic

degradation microstructures for this alloy are presented in Figures
36 and 146.
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Figure 36. Photograph showing structure of corrosion product formed

oxygen (a). This structure corresponds to stage 8 of Figure 35.
Higher magnification of area indicated in (a) showing scale-alloy •
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Figure 37. Stability diagrasa showing the phases of aluminum that can be
stable in Na.,~sol at 7000c# (a),, and 1100"0) (b), and def'ining regions where
basic or acihic fluxinig of' Al 0 3 appear possible. Very high SO pressures
are required for acidic flu~xi g at temperatures of 10000 and 1001OC and
refractory metal oxides are believed to make acidic fluxing reactions
favorable at lower 03 pressures as indicated by the displaced boundary in
(b) (arrows). Dashed lines in (a) are 802 isobars (atms).
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Figure 39. Degradational features developed during the hot corrosion of

CoCrAlY coatings as a result of exposure at 7040C to NaoSOh deposit (_ 1 mg/
cm2 ) and oxygen containing S0 at 7.10"- atm; (a) localtzed attack is

evident and the outer zone of~the corrosion proc.uct (arrows) is rich in

cobalt, (b) X-ray images show that sodium and sulfur are present in the

corrosion product, (c) the localized nature of the attack is less evident
on vapor honed specimens.
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Figure •0. Mierostructural features developed in a CoCrAIY alloy during ":
17.3 hrs. •f exposure to a NaoS01. deposit (2.5 mg/cm2) and oxygen containing .•,

SOo (7.10-4 atm) at 70•°C. GBos• images of the corrosion front, (a), and I
th• u-cobalt phase in the alloy, (b) and (c), are evident. Results -]

obtained from microprobe analyses of the corrosion product are presented
in (d).
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Figure 41l. MicrostructuraJ. ffeatures that are developed at the corrosion
product-CoCrAlY interfface dur~.ng hot corrosion attack. (704'c, 17.3 hrs.,
2.5 mgc 2  0aS4, So (71-~ atm) in fflowing oxygen). The light and

dark phases iR the co~ros ion product are chromium and alumninumi enriched,

respectively, and arrows indicate particles off the a,-cobalt phase being Iconverted to the chromium enriched oxide phase.
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Figure 41. Microstructural features that are developed at the corrosion:
product-CoCrAlY interface during hot corrosion attack. (7o0cC, 17.3 hrs.,
2.5 mg/cm2 Na2 S04, SO (7.10-4 atm) in flowing oxygen). The light and
dark phases in the corrosion product are chromium and aluminum enriched,,
respectively, and arrows indicate particles of the or-cobalt phase being
converted to the chromium enriched oxide phase.
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Figure 44. Schematic diagrams to illustrate the similarity between the
oxidation of zinc where a nonprotective oxide fume is formed, above the
metal and the hot corrosion of alloys via fluxing processes involving
solution and subsequent precipitation of nonprotective oxide in the melt
away fran the surfaces of alloys.
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Figu~re 4~5 Comnparison of weight change versus time data for the N&2804-
induced hot cozrrosion in air of B-1900 and IN 738.
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Figure ~46. Photomicrographs showing the microstructural features that,.I
developed during Na So 4 -induced hot corrosion of Ni-8Cr-6A1-6Mo alloys
at 1000oC; (a) and '(b) 2 min. in static air, (c) 14.5 min. in flowing
oxygen, (d) 1.5 hrs. in static air. 0
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Figure 47. Weight change vezrus time data to compare the hot corrosion
attack of Ni-SCr-6A1 and Ni-16Cr-3.4Al in NiSO, - imeruion tests, and theI hot corroion attack of two IN 738-tYps Of Yo~los
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Figure 50. Weight change versus time data to compare the hot corrosionli
attack of a NI-Wr-6A1-6Mo alloy by deposits of N•804 and NaMoO•.
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Figure 51. Comparison of the cyclic oxidation data obtained for Ni-25Cr-6A1
specimens that were coated with N&JO), to those presulfidised in an •S-H2
gas mixture. Approximately 5 mg/o2 3f N SO was added to one spenicen
after every 5 hro. of exposure up to 20 hr,. knd then after every 10 hr.
interval beyond 20 hre. The presulfidation was performed at the same time
intervals that the N S as applied and the sulfur picked up was equivalent
to the sulfur in a 80sjm NaSO4 deposit.:1t
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Figure 52. Comparison of the microstructures developed in Co-25Cr-6A1,
(a), (c), and Ni-250r-6Al1, (b),, (d),, specimens after isothermal oxidation at
1000WC in 1 atm of oxygen where the specimens were; coated with 5 mg/cm2
Na SO 41 (a)., (b)', or presulfidized for 20 sec. in an I-2S-H 2 gas Trixture with

H2?H2= 0.2, prior to oxidation, (0), (d).
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Figure 514. Photomicrographs to illustrate two mechanisms by which sulfide
phases in alloys can result in the formation of nonprotective oxide scales
during oxidation. Sulfide phases, (a), (electron backscatter image showing
sulfide stringers: liguid nickel sulfide, A, and chromium sulfide, B) in a
Na SO -coatLed (5 mg/cmi ) NiC rAlY spu-cimen afte 47 hrs. of oxidation at
l060*& in 1 atm of oxygen are preferentiallye oxidized, (b), (nonprotective
Cr 2 03 and Al 0 scales, A, and unoxidized nickel-chromium sulfide stringers,
B). Ihonprotecet~ve Cr is formed on Ni-300r, (c), and Co-35Cr, (d),
specimens due to the onxhation of chromium sulfide particles during 2140 hrs.
of cyclic hot corrosion exposure fI0.5 mg/cm2 Na 2SO 4 applied every 20 hrs.)
at 1000 0C in air.
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•, !Figure 55, Microatructural photomicrographs and X-rey imagel3 of a Co-2 5Cr-

6 I-.5Y specimen after 100 bra, of cyclic hot corrosion testing at 900°CAlwere 1 mg/cm2 Na 2 Sh0-90% NaC1 was applied after every 20 hra. The structural
features at the external scale - alloy porous zone interface and at the
alloy porous zone - unaffected alloy interface are shown In (a) and (d),
respectively. (b) aid (c) are X-ray images of the area shown in (a), and (e)
and (f) are X-ray images of the area defined in (d).
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coarse (white arrows) and small (black arrows) pores, (b). This porous
network appears to coincide with the w-ChAl phase of the alloy, (c), but
the pores do not have the exact shape of the 5-phase, (d).
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Figure 58. Photomicrographs to compare the attack of Ni-3OCXr specimens-
after exposure at 90000 in air for 1190 cycles (1 cycle -1 hr )..with i mgi 1
cm2 Na2SOhapplied e-rery 20 hrs., (a), and for q75~yl~dh1m/m

Na2S04~ - I NaC1 applied every 20 hrs., (b). j
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''igure 59, SEchematic diagramu to illustrate the hot corrosion attack ofL alloys induced by mixtures of Na28O• - NaCl.
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Figure 60. Photoinicroqrapho of Ni-16Cr-3.MA1 specimens after exposure

at 1.0000C in air to: (a) a 5 mg/cm2 deposit Of Na2S04~ for 8 hr's., (b) a
thick carbon deposit for 8 hi's,, (c) a 5 mg/cm2 deposit of Na280) and
a thick carbon deposit for 1 hr',, (d) a 5 mg/cm2 deposit of Na 2 S6k and

ý4k an excess of liquid fuel (Jet A) for 1 hr.
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Figure 61.. Microstructural photomb crographs of' CoCrA1Y coatirigo after
exposure of' spevimens with 2. mg/cm Ha80h to an excess f'uel test. When
specimens were exposed for 1 minute in 2th f'urnace at 13000C, large@
areas of' their surfaces exhibited sulfide particles, (a) and (b), and close
in" rection showed that these sulfides had been preferentially oxidized1,
(c). In specimens exposed for only 30 sea. at 1300*C, sulfides were not
as readily apparent but oubstantia2. attack was evident, (d).
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Figure 62. Photomicrographs to compare IN~ 738 specimens after a 1 hr.
exposure at 100000 in air to: (a) a Na2 SO4 deposit (I. mg/cm2 )., (b)
immersion in crucible containing 5 ml of Jet A fuel, (c) a.Na2So4 deposit
(1 mgc 2 ) and immersion in crucible with 5 ml of' Jet A fuel.4
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